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This monograph takes a very in-depth look at the key
aspects of osteoporosis and presents significant
advances that have occurred in the field over the past
five years. Specifically, this book gathers the works of
the top practitioners in the field to discuss the epi-
demiology, pathogenetic mechanisms, clinical aspects
of the disease, treatment options, and secondary osteo-
porosis and the osteoporosis of the rheumatic diseases.

We discuss bone biology and the new emerging  field
of osteoimmunology, that connects the field of
immunology with inflammatory bone loss. In addi-
tion, we carefully provide up-to-date reviews on the
epidemiology, pathogenesis, diagnosis, and manage-
ment of osteoporosis. The epidemiology of osteoporo-
sis and the role of bone mineral density in the
definition and prediction of fractures are reviewed, as
well as the most current information on the geograph-
ical distribution of the disease. The role of peak bone
mass acquisition in the prevention of osteoporosis, and
a thoughtful review on who should be treated for
osteoporosis are included in the first section.

Section II covers the pathogenesis of osteoporosis,
and the biomechanics of bone - information any clini-
cian needs to know on what makes bone strong and
why it fractures.

The section on the clinical aspects of the disease
covers the latest technologies for imaging bone
structure and biomechanical markers of bone
metabolism. This part of the text is unique in that we
review not only the use of DXA and QCT, but also
the latest technologies being applied in clinical
research, including MRI, that can assess bone struc-
ture and apply sophisticated non-invasive modeling
to assess bone strength. There has also been a
tremendous increase in the number of biochemical
tests that measure proteins associated with both
bone formation and resorption. In some studies,
these biochemical markers of bone turnover appear
to be surrogate markers for increased risk of fracture.
Also, in some studies, the reduction in thee markers

with anti-resorptive therapies, is associated with a
reduction in incident fracture risk. These detailed
reviews also emphasize how these markers can be
used in combination with bone mineral density
measurements to educate patients about their poten-
tial risk for fracture and their responses to different
osteoporosis therapies.

In the next section we present the available modali-
ties for the prevention and treatment of osteoporosis.
Among them are the most important aspect of any
treatment program, e.g., calcium and vitamin D sup-
plementation, followed by the anti-resorptive agents,
including the selective estrogen receptor modulators
(SERMs), androgens, gonadal steroids, and calcitonin,
and lastly, bisphosphonates. Anabolic agents, such as
PTH, and the use of combination and sequential ther-
apies are also discussed in depth.

Lastly, we offer a broad and informative discussion
of the newest area of intense investigation: osteoim-
munology and the bone loss that is so prevalent in
inflammatory conditions like rheumatoid arthritis
(RA) and systemic lupus erythematosus (SLE). We
begin with a review on the epidemiology of osteoporo-
sis in RA, SLE, and ankylosing spondolytic (AS)
patients. The pathogenesis of inflammation-induced
bone loss and the treatment of inflammation-induced
bone loss are also covered.

Throughout this book, there has been an emphasis
on the advances in scientific knowledge as they relate
to the biology of postmenopausal bone loss and
inflammation-induced bone loss in both women and
men, and on the diagnosis and therapy for the preven-
tion and treatment of established disease. Although
this book presents major advances in the understand-
ing and treatment of osteoporosis, many outstanding
questions remain to be addressed. We hope that the
next edition of this monograph will answer some of
these questions.

Nancy E. Lane, MD
Philip N. Sambrook, MD xi

Preface
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*Based on Osteoporosis Self-assessment tool (OST) formula:
OST index = (Weight in kg–age in years) multiply by 0.2 and truncate to integer
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*Based on Osteoporosis Self-assessment tool (OST) formula:
OST index = (Weight in kg–age in years) multiply by 0.2 and truncate to integer
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Figure 4-1. B. The Osteoporosis Self-assessment Table for men.
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BONE REMODELING

Quiescence
(lining cell)

Resorption
(osteoclasts)

Resorption
cavity

New bone packet
(plus lining cells)

Formation
(osteoblasts)

Figure 5-1. Bone remodeling. The remodeling cycle within bone involves a similar sequence of cellular activity at both cortical
and trabecular sites. Trabecular surfaces are shown here. An initial phase of osteoclastic resorption is followed by a more
prolonged phase of bone formation mediated by osteoblasts. Under normal conditions, the amount of bone removed during
resorption is replaced completely. (From Hochberg et al, Rheumatology, 3rd ed, 2003.)
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REMODELING IN TRABECULAR BONE RESORPTION PHASE

Resorption cavities
in normal bone

Resorption cavities are
more frequent and possibly
deeper in osteoporotic
bone. Perforations occur

a

Normal
Resorption cavities
completely replaced
by new bone

Osteoporosis
Resorption cavities are
incompletely replaced
by new bone

REMODELING IN TRABECULAR BONE FORMATION PHASE

b

Figure 5-2. Remodeling in trabecular bone. These figures show remodeling under
normal conditions and in osteoporosis. (a) Resorption phase. (b) Formation phase.
There may be subtle differences between the sexes, with bone thinning
predominating in men because of reduced bone formation. Loss of connectivity
and complete trabeculae predominates in women. (From Hochberg et al,
Rheumatology, 3rd ed, 2003.)
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Figure 5-3. Changes throughout life that may contribute to osteoporosis and fractures. (From Hochberg et al,
Rheumatology, 3rd ed, 2003.)

EFFECT OF AGE ON FRACTURE RISK
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0.80–0.89
0.90–0.99

1.0+

Bone mass
(g/cm)Fracture risk

per 1000
person–years

Figure 5-4. Effect of age on fracture risk. Fracture risk increases with age, independent of bone density, and also
increases with declining bone density irrespective of age. (Adapted with permission from Hui et al.14; from
Hochberg et al, Rheumatology, 3rd ed, 2003.)

CHANGES THROUGHOUT LIFE THAT MAY CONTRIBUTE TO OSTEOPOROSIS AND FRACTURES
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Pathogenesis
of fracture
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Figure 8-2. Full table dual X-ray absorptiometry 
system. (From Hochberg: Rheumatology, 3rd ed, 2003.)

Figure 8-3. Vertebral fracture assessment from a dual x-ray absorptiometry image of the spine. Use of dual-energy images
facilitates the visualization of the lumbar and thoracic spine in a single image. In this example, a fracture has been identified at
T12. (From Hochberg: Rheumatology, 3rd ed, 2003.)
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A

B C

Figure 8-6. A, Quantitative ultrasound device for measuring the heel, which incorporates a real-time image for more accurate
assessment. B, Region of interest (ROI) (red) over calcaneus. C, Patient undergoing scan of calcaneus. (From Hochberg:
Rheumatology, 3rd ed, 2003.)
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CHANGE IN T-SCORES WITH AGE AT DIFFERENT SKELETAL SITES
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Forearm Lateral spine QCT spine

T-score
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Figure 8-7. Change in T-scores with age at different skeletal sites. (From
Hochberg: Rheumatology, 3rd ed, 2003.)
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Figure 11-2. A. Cumulative incidence of first incident vertebral fracture.14 Risk factors are age over 70 years, a prior nonspinal
fracture after age 50, body mass index (calculated with knee height) in the lowest 40%, current smoker, low level of physical
activity (walks less than 1 block/day and does household chores less than 1 h/day), no moderate- or high-intensity
recreational physical activities, fell one or more times in the first 12 months of follow-up, not currently on estrogen
replacement therapy, low milk consumption (<1 glass/day) when pregnant (or as a teenager for nulliparous women), ever
used aluminum-containing antacids weekly, and paternal history of hip fracture. B. Ten-year risk for hip fracture (in
percentages) according to the presence of low bone mineral density (BMD) and other risk factors (age >80 years, mother with
hip fracture, fracture after 50 years of age, decrease in body length, decreased cognitive functions, slow gait speed,
nulliparity, type 2 diabetes, Parkinson disease, disturbed depth vision). Note that the number of risk factors and low BMD
increase the risk of hip fracture independently and additively.15
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CLINICAL SIGNS OF VERTEBRAL FRACTURES

Loss of body height

Occiput-wall distance >0 cm

Hyperkyphosis
“dowager’s hump”

Decreased rib-pelvis distance

Figure 11-4. Common clinical signs of osteoporosis with vertebral fractures.

PREMENOPAUSAL WOMEN

Intervention

+?

Dose disease
genes

BMD

POSTMENOPAUSAL WOMEN

Intervention

++++

Fracture
threshold

Fracture risk: Time on steroids

Figure 22-1. The degree of bone loss from corticosteroids varies according to dose, underlying disease, and possibly genetic
factors. The case for intervention is strong early (primary prevention) in postmenopausal women but is less clear in
premenopausal women. Because fracture risk is a function of the duration of corticosteroid use, secondary prevention is
appropriate to consider in pre- and postmenopausal women on long-term corticosteroid treatment with low BMD. (From
Sambrook PN: Corticosteroid osteoporosis: practical implications of recent trials. J Bone Miner Res 2000;15:1645-9.)
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Osteoblast/
stromal cells Osteoclast

precursor

OSCAR/FcRγ
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TREM2/DAP12
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Migration
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Figure 25-1. Osteoclastogenesis. Osteoclasts are derived form bone marrow precursor cells in the myeloid lineage.
Mononuclear precursor cells fuse to form multinucleated osteoclasts during differentiation. Macrophage colony-stimulating
factor (M-CSF) and RANKL are essential stimuli for osteoclastogenesis at a number of steps. Mature osteoclasts are
characterized by a multinucleated phenotype, with expression of tartrate resistant acid phosphatase, cathepsin K, αvβ3
integrin (vitronectin receptor) and calcitonin receptor.2,3

Figure 25-2. Regulation of osteoclastogenesis by interferon (IFN)--γ and IFN-β. Activated synovial cells express RANKL. If IFN-γ
is also expressed during inflammation, IFN-γ will inhibit osteoclastogenesis by downregulating TRAF6 expression, which is
required for RANK signaling. RANK signals  also induce IFN-β, which also downregulates RANK signaling by inhibiting the
expression of c-Fos. Thus, inflammatory signals are significant regulators of osteoclastogenesis and are important in the
regulation of bone remodeling.10,11,138
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PIR-A

OSCAR
TREM-2 MDL-1

SIRPβ

syk

FcRγ ITAM

Cellular activation/Ca++

+ RANKL/MCSF

Osteoclast differentiation

DAP12 ITAM

Y
Y

sykY
Y

+ – – + – –+ – – + – – + – –

Figure 25-3. ITAM-associated receptors expressed on osteoclasts. Immunoreceptors on osteoclasts can be associated with
either the DAP12 or the FcRγ ITAM-signaling chains. Receptors identified on osteoclasts or preosteoclasts by reverse-
transcriptase polymerase chain reaction and/or surface antibody staining include OSCAR and PIRA, which both contain
extracellular immunoglobulin domains and are associated with the FcRγ chain (purple ITAM domains). DAP12-associated
receptors (shaded ITAM domains) include TREM2 and SIRPβ with extracellular immunoglobulin domains and MDL-1 with an
extracellular C-type lectin domain. The receptors pair in the membrane with either DAP12 or FcRγ via complementary
charged amino acid residues in the transmembrane domains of each protein. Upon stimulation of the extracellular domain of
the receptor, DAP12 or FcRγ are tyrosine phosphorylated on residues in the ITAM motif and the syk tyrosine kinase is
recruited to the phosphotyrosines. Activation of the syk tyrosine kinase leads to initiation of intracellular signaling
cascades.152,154,160,169

RANKL

MCSF

MCSF

Precursor Preosteoclast

Activated osteoclast
TRAP+
Cathepsin K
Calcitonin receptor
H+ATPase
αvβ3

RANKL

RANKL

Figure 25-4. Model for role of ITAM-associated immune receptors in osteoclastogenesis. Signals mediated by RANK
cooperate with signals from ITAM-bearing adapter chains to stimulate osteoclast differentiation and activation. Upon
simulation of their associated receptor, ITAM adapters are tyrosine phosphorylated and recruit syk kinase, which leads to
activation of PLC-γ and calcium signaling. ITAM adapter mediated signals are required for activation of the critical
osteoclastogenic transcription factor NFATc1. Immunoreceptors that associate with DAP12 may have ligands expressed on
other osteoclast precursor cells, whereas FcRγ associated immunoreceptors are predicted to interact with ligands on
osteoblast or stromal cells.8,152,153 (Modified from Koga et al.152 and Takayanagi.8)
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Figure 26-1. A. Cellular and molecular interactions in the synovial compartment facilitate osteoclast differentiation and focal
bone erosion at the synovial/bone interface. The main stromal support cell is the activated fibroblast-like synoviocytes, which
express membrane-bound macrophage colony-stimulating factor (M-CSF) (not shown) and RANKL. These processes lead to
an imbalance in bone resorption relative to bone formation, exhibited as “extrinsic” focal bone erosion. B. Cellular and
molecular interactions in the subchondral bone marrow compartment facilitate osteoclast differentiation and subchondral
bone erosion. The main stromal support cell is the stromal-osteoblasts which express membrane-bound M-CSF (not shown)
and RANKL. These processes lead to an imbalance in bone resorption relative to formation, exhibited as subchondral bone
erosion and juxta-articular osteoporosis.
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Osteoporosis is a major public health problem. The main
contributors to this burden are associated fragility frac-
tures. The increased rates of morbidity and mortality
consequent to these fractures have a massive impact on
both the health of the population and the economy.
There were an estimated 1.66 million hip fractures
worldwide in 1990,1 1,197,000 in women and 463,000 in
men. The estimated annual cost in Europe is 13 billion
euros, mainly accounted for by hospitalization after frac-
ture. Understanding the epidemiology of osteoporosis is

an essential step in developing strategies to reduce the
burden of osteoporotic fractures in the population.

DEFINITION OF OSTEOPOROSIS

Osteoporosis is a skeletal disease characterized by low
bone mass and microarchitectural deterioration of
bone tissue with a consequent increase in bone fragility
and susceptibility to fracture.2 The term osteoporosis
was first introduced in France and Germany during
the last century. It means “porous bone” and initially
implied a histological diagnosis, but the term was later
refined to mean bone that had normal mineralization
but was reduced in quantity.

Historically, the definition of osteoporosis has been
difficult. A definition based on bone mineral density
(BMD) may not encompass all the risk factors for frac-
ture, whereas a fracture-based definition will not
enable identification of at-risk populations. The World
Health Organization3 recently resolved this issue by
defining osteoporosis in terms of BMD and previous
fracture, as shown in Table 1-1. Thus, the World
Health Organization definition does not take into
account microarchitectural changes that may weaken
bone independently of any effect on BMD.

If this definition is applied to a female population
sample in the United Kingdom, the prevalence of
osteoporosis at the femoral neck rises from 5.1% at 50

1

TABLE 1-1 CLASSIFICATION OF OSTEOPOROSIS

Normal BMC or BMD value greater than 0.1 
SD below young normal adult mean

Osteopenia BMC or BMD 1-2.5 SD below young
normal adult mean

Osteoporosis BMC or BMD >2.5 SD below the young 
normal adult mean

Established Osteoporosis with one or more fragility
osteoporosis fractures

BMC = bone mineral density, BMD = bone mineral content, SD =

standard deviation.

Data derived from World Health Organization Study Group, 1994.3

EPIDEMIOLOGY

The Epidemiology of Osteoporotic
Fractures
Nicholas Harvey, Sarah Westlake, Elaine Dennison, and Cyrus Cooper

1

SUMMARY

Osteoporosis is a skeletal disease characterized by
low bone mass and microarchitectural deterioration
of bone tissue with a consequent increase in bone
fragility and susceptibility to fracture. It causes a
great burden on public health due to morbidity,
reduced survival, and economic costs associated
with fragility fractures. Vertebral, hip, and wrist
fractures are the most common of these, and the
incidence of the first two increase exponentially
with age, being more frequent in women than 
men in older age groups. Recent studies of
radiographically defined vertebral fracture have
indicated that only around 30% of these fractures
present clinically, and that the true incidence is
greater than that for hip fracture. There are
differences in fracture propensity between
populations of different ethnicity and geographical
locations. Season also influences fracture incidence,
with hip fractures being more frequent in winter
months. There has been a secular increase in hip
fracture incidence over the last 50 years, which may
be plateauing in Western populations. However,
incidence is set to rise worldwide, mainly as a result
of increases in developing countries, as Western
lifestyles are adopted. Recent work has shown that
prevalent fracture is a strong predictor of incident
fracture, and that this increased risk occurs rapidly.
Understanding the epidemiology of osteoporosis is
an essential step in developing strategies to reduce
the burden of osteoporotic fracture in the
population.



to 54 years to over 60% at age 85 and above. The cor-
responding estimates for men are 0.4% and 29.1%.

FRACTURE EPIDEMIOLOGY

All Fractures
Data from the United Kingdom suggest that there is an
overall fracture incidence of 21.1 in 1000 per year
(23.5/1000 men and 18.8/1000 women),4 and that there
is a bimodal distribution, with peaks in youth and in the
very elderly.5 Any bone will fracture if sufficient force is
applied. Fractures of long bones predominate in young
people, usually as a result of substantial trauma, and
males are involved more frequently than females. Thus,
it is the magnitude of the trauma, rather than deficient
bone strength, that leads to the fracture in this group. In
the elderly, low bone mass is the critical factor, with most
fractures occurring as a result of minimal force. The rate
of fracture in women increases steeply after the age of 35
years and becomes twice that in men (Figure 1-1).6,7

Only around one-third of vertebral fractures reach
clinical attention,8 and until the advent of studies based
on radiographic assessment of vertebral deformity, it
was thought that hip and distal forearm fractures were
the main contributors to this peak. Figure 1-1 demon-
strates that the picture is rather different, with the inci-
dence of radiographically defined vertebral deformity
being higher than for hip and wrist fractures at all ages.
A recent study from Denmark showed that 60-year-old
women, expected to live until the age of 81 years, had an
estimated residual lifetime risk of radial, humeral, or hip
fracture of 17%, 8%, and 14%, respectively. The lifetime
risk to those women surviving to the age of 88 years was
increased to 32%.9 Data from the General Practice
Research Database (GPRD), which includes the general

practitioner records of 6% of the UK population, have
given the lifetime risks of any fracture at age 50 years as
53.2% in women and 20.7% in men.6 The following sec-
tions will detail the site-specific epidemiology.

Hip Fracture
Hip fractures are the most devastating consequence of
osteoporosis, invariably requiring hospitalization.
Typically, they result from a fall from standing height
or lower, but they can occur spontaneously.10 The
diagnosis is usually suggested by characteristic clinical
features and confirmed by a plain radiograph.

Impact
Hip fractures have major consequences; 5% to 20% of
people affected will die within 1 year after a hip frac-
ture, and more than 50% of survivors will be incapaci-
tated, many needing nursing home care.11 Table 1-2
shows the observed and expected survival rates for men
and women aged 65 years and older in the GPRD study.

Mortality
The majority of excess deaths occur within 6 months of
the fracture, and the risk of death diminishes with
time, so that after 2 years survival probability is com-
parable with that of similarly aged men and women in
the general population. The mortality risk differs,
however, according to the age and gender of the person
experiencing the hip fracture. In a population-based
study, a relative survival rate of 92% was found for
white hip fracture victims younger than 75 years of age,
as compared with 83% in those 75 years of age and
older at the time of the fracture.12 Despite their greater
age at the time of fracture, survival was better among
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Figure 1-1. Radiographic vertebral,
hip, and wrist fracture incidence by
age and gender. (Data derived from
van Staa TP et al.6 and EPOS Study
Group.7)



women. In the GPRD study (see Table 1-2), observed
survival in women 65 years of age and older was 74.9%
at 12 months versus 91.1% expected. For men, these
figures were 63.3% and 90.0%, respectively.6 This gen-
der difference has been confirmed in other hospital-
based studies and appears to be due to the greater
frequency of other chronic diseases in men who sus-
tain hip fractures. The majority of deaths after hip frac-
ture are due to preexisting comorbidity, such as
ischemic heart disease, with the minority a direct result
of complications or management of the fracture itself.

Morbidity
In the United States, 7% of survivors of all types of frac-
ture have some degree of permanent disability, and 8%
require long-term nursing home care. Overall, a 50-
year-old white American woman has a 13% chance of
experiencing functional decline after any fracture.13 As
with mortality, hip fractures contribute most to osteo-
porosis-associated disability. Patients are prone to
developing acute complications such as pressure sores,
bronchopneumonia, and urinary tract infections.
Perhaps the most important long-term outcome is
impairment of the ability to walk. Fifty percent of peo-
ple who were ambulatory before the fracture are unable
to walk independently afterward. Age is an important
determinant of outcome, with 14% of 50- to 55-year-
old hip fracture victims being discharged to nursing
homes, versus 55% of those more than 90 years old.13

Determinants
Age
There is an exponential increase in hip fracture with
aging (see Figure 1-1). This is due to an age-related
increase in the risk of falling and reduction in bone
strength. The majority of fractures occur after a fall
from standing height or lower; 90% occur in people
older than 50 years and 80% are in women.14 Much
of the lifetime risk of fracture for a 50-year-old

woman is accrued as she reaches 80 years old. Data
from the GPRD (Table 1-3) show that the lifetime
risk of hip fracture for women aged 50 years is 11.4%,
but the risk over the next 10 years is 0.3% at age 50
and 8.7% at age 80 years.6 This has implications for
targeting of treatment. Among postmenopausal
women in the United States, the likelihood of experi-
encing at least one fall annually rises from about one
in five women 60 to 64 years old, to one in three
women 80 to 84 years old.10 Comparable data were
found in the United Kingdom, with one in three
women 80 to 84 years old having fallen in the previ-
ous year; this statistic rose to nearly one in two (50%)
among women aged 85 years and older.15 However,
only about 1% of all falls lead to a hip fracture. This
is because the amount of trauma delivered to the
proximal femur depends on various protective
responses and the direction of the fall: falling side-
ways onto the hip is more likely to result in fracture
than falling forward onto it.16

Femoral neck strength is weaker in women than in
men and declines with age in both sexes. Many factors
contribute to bone strength, for example BMD and
microarchitecture, but all are closely correlated with
absolute bone mass. Over a lifetime, the BMD of the
femoral neck declines an estimated 58% in women and
39% in men, whereas bone density of the intertro-
chanteric region of the proximal femur falls by about
53% and 35%, respectively. Each one standard devia-
tion decline in bone mineral density is associated with a
1.8- to 2.6-fold increase in the age-adjusted risk of hip
fracture, depending on the exact site that is measured.17

Gender
The incidence of osteoporotic hip fractures is lower in
men than in women; in 1990, only about 30% of 1.66
million hip fractures worldwide occurred in men.18

In the United Kingdom, the lifetime risk of hip frac-
ture in men is 3.1% at age 50 (compared with 11.4%
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TABLE 1-2 OBSERVED AND EXPECTED SURVIVAL AFTER FRACTURE AMONG MEN AND WOMEN AGED ≥ 65 YEARS

Radius/Ulna, % Femur/Hip, % Vertebra, %

Observed Expected Observed Expected Observed Expected

Women

At 3 months 98.2 98.6 85.6 97.7 94.3 98.4
At 12 months 94.0 94.4 74.9 91.1 86.5 93.6
At 5 years 75.5 73.8 41.7 60.9 56.5 69.6

Men

At 3 months 97.3 98.0 77.7 97.3 87.8 97.9
At 12 months 89.6 92.4 63.3 90.0 74.3 91.8
At 5 years 62.8 66.4 32.2 58.2 42.1 64.4

Data derived from van Staa TP et al.6



in women), and the 10-year risk is 0.2% at age 50, ris-
ing to 2.9% at 80 years of age.6 Men are relatively pro-
tected for several reasons: they have a higher peak
bone density, they lose less bone during aging, they do
not normally become hypogonadal, they sustain fewer
falls, and they have a shorter lifespan. However, this
relationship is not true for all populations: in black
and Asian groups, the incidence in men is slightly
higher.19

Ethnicity
Hip fractures are much more frequent among whites
than among non-whites. This has been explained by
the higher bone mass observed in blacks compared
with whites (Figure 1-2).20

There is also some evidence that the rate of bone loss
is lower in blacks. However, the Bantu people of South
Africa have a lower bone mass and a lower fracture rate
than whites.21 Likewise, the incidence of hip fractures
among women of Japanese ancestry is about one half
that of their white counterparts, even though their
bone mass is somewhat lower.22 These discrepancies
may be related to the reported lower risk of falling of
black women compared with white women.23 Asian
women have shorter femoral necks than white women,
and this shape seems inherently less likely to fracture,
despite a lower bone mineral density.24

Geography
There is variation in the incidence of hip fracture within
populations of a given race and gender.25-27 Thus, age-
adjusted hip fracture incidence rates are higher among
white residents of Scandinavia than comparable sub-
jects in the United States or Oceania. In 1986, the
Mediterranean Osteoporosis Study (MEDOS) was set
up to investigate the incidence of hip fracture in the
Mediterranean region. It was discovered that the inci-
dence of hip fracture varied markedly from country to
country, and even within countries. Within Europe, the
range of variation was approximately 11-fold.25 These
differences were not explained by variation in activity
levels, smoking, obesity, alcohol consumption, or
migration status.26 In the United Kingdom, the geo-
graphical differences were not associated with differ-
ences in water fluoridation or with dietary calcium
intake, as assessed by a national food survey.28 A more
recent comparison of studies from several areas of
United Kingdom gives an annual incidence of all frac-
tures between 159 and 288 per 10,000 population for
men older than 85 years, and between 281 and 810 per
10,000 population for women older than 85 years.6

Studies in the United States confirm this complex
pattern. In more than 2000 counties nationwide, the
age-adjusted incidence of hip fracture in white women
older than 65 years of age was negatively associated with

TH
E EPID

EM
IO

LO
G

Y
 O

F O
STEO

PO
RO

TIC
 FRA

C
TU

RES

4

TABLE 1-3 ESTIMATED RISKS OF FRACTURES AT VARIOUS AGES

Current Age (years) Any Fractures (%) Radius/Ulna (%) Femur/Hip (%) Vertebra (%)

Lifetime risk

50 53.2 16.6 11.4 3.1
60 45.5 14.0 11.6 2.9

Women
70 36.9 10.4 12.1 2.6
80 28.6 6.9 12.3 1.9
50 20.7 2.9 3.1 1.2
60 14.7 2.0 3.1 1.1

Men
70 11.4 1.4 3.3 1.0
80 9.6 1.1 3.7 0.8

10-year risk

50 9.8 3.2 0.3 0.3
60 13.3 4.9 1.1 0.6

Women
70 17.0 5.6 3.4 1.3
80 21.7 5.5 8.7 1.6
50 7.1 1.1 0.2 0.2

Men
60 5.7 0.9 0.4 0.3
70 6.2 0.9 1.4 0.5
80 8.0 0.9 2.9 0.7

Data derived from van Staa TP et al.6



latitude (higher in the south), water hardness, and hours
of January sunlight, and positively associated with
poverty levels, proportion of the land in farms, and pro-
portion of the population with fluoridated water.29

Season
Hip fractures are seasonal, occurring more frequently,
in both sexes, during the winter in temperate countries.
However, the majority of hip fractures follow falls
indoors and are not related to slipping on icy surfaces.
Explanations for this include abnormal neuromuscular
function at lower temperatures and vitamin D defi-
ciency as a result of the winter-time reduction in sun-
light exposure.

Time trends
Life expectancy is increasing around the globe and the
number of elderly individuals is rising in every geo-
graphical region. The world population is expected to
rise from the current 323 million individuals aged 65
years or older, to 1555 million by the year 2050. These
demographic changes alone can be expected to increase
the number of hip fractures occurring among people 35
years of age and older worldwide: the incidence is esti-
mated to rise from 1.66 million in 1990 to 6.26 million in
2050. Assuming a constant age-specific rate of fracture,
as the number of people older than 65 increases from 32
million in 1990 to 69 million in 2050, the number of hip
fractures in the United States will increase threefold.1 In
the United Kingdom, the number of hip fractures may
increase from 46,000 in 1985 to 117,000 in 2016.30

An increasingly elderly population in Latin America
and Asia could lead to a shift in the geographical dis-
tribution of hip fractures, with only one quarter occur-
ring in Europe and North America (Figure 1-3).1

Such projections are almost certainly optimistic con-
sidering that increases in the incidence of hip fractures

have been observed even after adjusting for the growth in
the elderly population. Although the age-adjusted rate of
hip fracture appears to have leveled off in the northern
regions of the United States, in parts of Sweden, and the
United Kingdom, the rates in Hong Kong rose substan-
tially between 1966 and 1985. Thus, the above figures
potentially represent a significant underestimate of the
number of hip fractures in the next half-century.

There are three broad explanations for these trends:
Firstly, they might represent some increasingly

prevalent current risk factor for osteoporosis or falling;
physical activity is the most likely candidate. There is
ample evidence linking inactivity to the risk of hip
fracture, whether this effect is mediated through bone
density, the risk of falls, or both. Furthermore, some of
the steepest secular trends have been observed in Asian
countries, such as Hong Kong, which have witnessed
dramatic reductions in the customary activity levels of
their populations in recent decades.

Secondly, the elderly population is becoming
increasingly frail. As many of the disorders leading
to frailty are independently associated with osteoporo-
sis and the risk of falling, this tendency might have
contributed to the secular increases in Western nations
during earlier decades of this century.

Finally, the trends could arise from a cohort phe-
nomenon—some adverse influence on bone mass or
the risk of falling that acted at an earlier time and is
now manifesting as a rising incidence of fractures in
successive generations of the elderly.

Vertebral Fracture
Definition
Vertebral fractures have been synonymous with the
diagnosis of osteoporosis since its earliest description
as a metabolic bone disorder.31 However, their epi-
demiology remains less well characterized than that of
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hip or wrist fractures, because there is no universally
accepted definition of a vertebral fracture from thora-
columbar radiographs, and because a substantial pro-
portion of vertebral deformities are asymptomatic.

There is significant variation in vertebral body
shape, both within the spine and between individuals.
This results in considerable difficulty in deciding
whether a vertebral body is deformed. Early epidemio-
logical studies of vertebral fractures used subjective
radiological assessments of wedge, crush, and bicon-
cave deformities, but these were poorly reproducible.
These methods gave way to morphometric measure-
ments of vertebral height, with fractures defined
according to fixed cut-off values.32

Each vertebral body in the spinal column has unique
dimensions, however, and recent analyses have
focused on determining the distribution of vertebral
dimensions at each spinal level and calculating cut-off
values from these.32,33 The most widely adopted
thresholds for defining and grading deformities are as
follows: moderate (or grade 1) fractures are deformi-
ties that fall between three and four standard devia-
tions from the mean value specific to each vertebra;
severe (or grade 2) fractures are those that fall four
standard deviations or more from this mean. When
morphometric studies are performed without refer-
ence to clinical presentation, the abnormalities found
are usually referred to as deformities rather than frac-
tures. Three broad categories of vertebral fracture have
been described: compression (or crush) fractures, in
which there is loss of both anterior and posterior ver-
tebral height; wedge (or partial) fractures, in which
anterior height tends to be lost; and biconcave (bal-
loon) fractures, in which loss of central bony tissue
leads to concavity of both vertebral end plates.

Incidence
The application of recently developed morphometric
techniques to various population samples in the
United States has permitted the estimation of the inci-
dence of new vertebral fractures in the general popula-
tion (Figure 1-4).

Using the data shown, the age-adjusted incidence
among white US women aged 50 years and older was
found to be 18 per 1000 person-years.34 This is more
than twice the corresponding incidence of hip fracture
(6.2 per 1000 person-years). The corresponding figure
for vertebral fracture from the European Vertebral
Osteoporosis Study (EVOS, a large pan-European lon-
gitudinal study) was 10.7 per 1000 person-years.7

In the GPRD study, the overall incidence standardized
to the UK population was 3.2 per 1000 person-years
for men and 5.6 per 1000 person-years for women.
This population included all ages from 20 years, hence
the lower overall incidence. It is important to note the
disparity between the incidence of vertebral fractures
identified on radiographs and those reported clinically.
In Rochester, Minnesota, the incidence of clinically
diagnosed vertebral deformities was 30% of that
expected from a study using radiographic diagnosis.
This implies that as few as one in three vertebral frac-
tures comes to medical attention.8

Prevalence
The prevalence of vertebral deformity was investi-
gated in an age-stratified random sample of the popu-
lation of Rochester, Minnesota, USA. The prevalence
was estimated at 25.3 per 100 Rochester women aged
50 years and older (95% confidence interval, 22.3-
28.2).35 More recent data from the EVOS group
suggested the age-standardized prevalence across
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Europe was 12.2% for men and 12.0% for women
aged 50 to 79 years.36 The higher Rochester figure rep-
resents the inclusion of women older than 80 years, up
to older than 90 years. Because people in this age
range have a greatly increased prevalence of vertebral
fracture when compared with people in the the 50- to
79-year-old age range, the overall figure is signifi-
cantly higher.

Impact
Spine fractures cause significant pain, deformity, and
long-term disability. Data from the Study of Osteopo-
rotic Fractures,37 a population-based US study of 9606
women 65 years of age and older, showed that women
who had grade 2 deformities were 2.6 times more likely
to suffer disability and 1.9 times more likely to report
moderate or severe back pain than those with no defor-
mity. Women with grade 1 deformities did not have
significantly elevated risks of these clinical sequelae.
Cross-sectional data from out-patients also support
this notion, with severe vertebral deformity being much
more closely associated with adverse outcomes than
moderate deformity.38

Mortality
Examination of the survival of patients after a clinically
diagnosed vertebral fracture rather surprisingly reveals
a similar excess mortality rate at 5 years to that found
with hip fractures (Figure 1-5).34

This excess is observed in patients with vertebral frac-
tures caused by moderate or minimal trauma, but not in
those whose fractures follow severe trauma. The impair-
ment of survival after vertebral fracture also markedly
worsens as time from diagnosis of the fracture increases.
This is in contrast to the pattern of survival for hip frac-

ture patients. In the United Kingdom (GPRD study;
see Table 1-2), the observed survival rate in women
12 months after vertebral fracture was 86.5%, versus
93.6% expected. At 5 years, the survival rate was 56.5%
observed and 69.9% expected.6 Furthermore, there does
not appear to be any particular cause of death that
explains this finding. This accords with the observations
of recent US and Swedish studies that low bone density
per se is associated with premature death.39,40 These data
suggest that the association might be due to a number of
factors, such as smoking, alcohol consumption, and
immobility: these predispose independently to both
bone loss and increased mortality risk.

Morbidity
The health impact of vertebral fractures has proved con-
siderably difficult to quantify. Despite only a minority of
vertebral fractures coming to clinical attention, vertebral
fractures account for 52,000 hospital admissions in the
United States and 2188 in England and Wales each year
among patients aged 45 years and older. The major clin-
ical consequences of vertebral fracture are back pain,
kyphosis, and height loss. The pain associated with a
new compression fracture is typically severe and tends
to decrease in severity over several weeks or months.
This pain is associated with exquisite localized tender-
ness and paravertebral muscle spasm, which markedly
limits spinal movements. Figure 1-6 shows quality-of-
life score against age and number of vertebral frac-
tures,41 clearly illustrating the impact of age and number
of fractures, with higher quality-of-life scores indicating
lower health-related quality of life.

A proportion of patients may develop chronic pain
experienced while standing and during physical stress,
particularly bending. For example, in the control
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group of one treatment study, patients were noted to
have persistent pain for 6 months after fracture.42 This
chronic pain is believed to arise from spinal extensor
muscle weakness and the altered spinal biomechanics
that result from vertebral deformation. A number of
indices of physical function, self-esteem, body image,
and mood also appear to be adversely affected in
patients with vertebral fractures. Whenever self-report
scales of functional status or quality of life have been
applied to patients with vertebral fractures, scores have

been found to be worse for patients with more severe
or multiple deformities.43

Determinants
Age
Most studies agree that the prevalence of vertebral frac-
tures rises with age among women. In an age-stratified
random sample of 762 Rochester women who under-
went thoracolumbar radiography, the prevalence
of one or more deformities increased from 7.6% at
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Figure 1-6. Health-related quality of life
related to age and number of vertebral
deformities.
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50 to 54 years to 64.3% in those 90 years of age and
older. In Europe, the prevalence for men and women,
respectively, was 9.9% and 5.0% at 50 to 54 years of
age, rising to 18.1% and 24.7% at 75 to 79 years of age
(Figure 1-7).36

Gender
Although it is generally believed that vertebral fractures
are much more common in women than in men, his-
torically there has been little epidemiological evidence
to support this notion. However, more recent evidence
from EVOS has shown a twofold greater incidence of
vertebral fractures in women than men (relative risk
2.3 at age 50-54 years and 2.9 at age 70-74 years).7 In
this population, the incidence of vertebral fracture in
men was 1.7 per 1000 person-years at 50 to 54 years of
age and rose to 14.6 per 1000 person years at 75 to 79
years of age. In the GPRD data, overall incidence in
men was 3.2 per 10,000 person-years versus 5.6 per
10,000 person-years for women.6 Overall, however, the
picture for prevalence differs: men aged 50 to 64 years
had a higher prevalence of deformity compared with
similarly aged women, with the reverse being the case
for those aged 65 years.36 Whereas 90% of vertebral
fractures in women occurred as a result of moderate or
minimal trauma in this study, an appreciable propor-
tion of fractures in men (37%) occurred as a result of
severe trauma, for example, road traffic accidents.

The most frequent vertebral levels involved are L1,
T12, and T8. These correspond with the most biome-
chanically compromised regions of the thoracolumbar
spine: the midthoracic region, where dorsal kyphosis is
most pronounced, and the thoracolumbar junction,
where the relatively rigid thoracic spine meets the
freely moving lumbar segment.

Ethnicity
There are few studies assessing the influence of ethnicity
on vertebral fracture prevalence, although one study
found vertebral deformities in around 5% of selected
white women aged 45 years and older but in none of the
137 black women studied.44 This finding is in accord
with the often-replicated observation that hip fracture
incidence rates are markedly higher among whites.
However, recent data from Japan suggest that prevalence
rates for vertebral deformity in Asian women may be
similar to those observed in white populations.45

Previous fracture
Previous fracture is increasingly recognized as an
important determinant of future fracture risk, inde-
pendent of BMD. A previous hip fracture increases the
odds of an incident hip fracture by six- to eightfold,46

and a forearm fracture increases the risk of subsequent
hip fracture by 1.4 and 2.7 times in women and men,
respectively.47 The corresponding figures for subse-
quent vertebral fracture are 5.2 and 10.7. Prevalent
vertebral deformity predicts incident hip fracture with
a rate ratio of 2.8 to 4.5, and this increases with the
number of vertebral deformities.48 Previous hip frac-
ture strongly predicts multiple (more than two) verte-
bral deformities in men (odds ratio 10.2), and
incident vertebral fracture is predicted by the mor-
phometry and number of the baseline deformities
(Table 1-4).49 The incidence of new vertebral fracture
within a year of an incident vertebral fracture is
19.2%,50 which reinforces the importance of prompt
therapeutic action on discovering vertebral deformi-
ties. Figure 1-8 summarizes the cumulative incidence
of a subsequent vertebral fracture over time after a
baseline event.51,52
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Time trends
The impact of osteoporotic fractures is set to rise in the
future, commensurate with the increasing number of
elderly people in the population. Little is known about
secular increases in the age-adjusted incidence of verte-
bral fractures. In Rochester, Minnesota, there was no sig-
nificant increase in the incidence of clinically diagnosed
vertebral fractures between 1950 and 1989.53 However,
when categorized into subgroups, a significant increase
in the incidence of fractures after moderate or minimal
trauma in postmenopausal women is revealed. This
increase occurred between 1950 and 1964, with a plateau
in age-adjusted incidence thereafter. Rates for severe
trauma fractures and for vertebral fractures from any
cause among younger men and women remained stable.
This rise in the incidence of moderate trauma fractures
in women paralleled that for hip fractures in Rochester.
An increase in the prevalence of osteoporosis over this
period is consistent with these trends.

Two European studies have also investigated secular
trends in the incidence of vertebral fractures. Men and

women, aged 60 years and older, presenting with thoracic
and lumbar vertebral fractures between 1950 and 1952
and between 1982 and 1983, in Malmö, Sweden, were
studied.54 Among women, the incidence rates during the
1982 to 1983 period were higher than those during the
1950 to 1952 period at all ages over 60 years. Among
men, the increase was only apparent above the age of 80
years. The prevalence of radiographic vertebral deformi-
ties in two samples of 70-year-old Danish women studied
in 1979 and 1989 were found to be virtually identical.55

The secular tendency reported from Rochester, with
a rise in incidence between 1950 and 1964, followed by a
plateau, is consistent with both these reports.

Geographical
The EVOS study found a threefold difference in the
prevalence of vertebral deformities between countries,
with the highest rates in Scandinavia. The prevalence
range between centers was 7.5% to 19.8% for men and
6.2% to 20.7% for women. The differences were not as
great as those seen for hip fracture in Europe, and
some of the differences could be explained by levels of
physical activity and body mass index.36 More recent
data from EVOS showed a correspondingly higher
incidence of vertebral fracture in Scandinavia (age-
standardized incidence 17.7 per 1000 person-years)
than in Western Europe (age-standardized incidence
10.2 per 1000 person-years7).

Distal Forearm Fracture
Definition
The most common distal forearm fracture is Colles frac-
ture. This fracture lies within 1 inch of the wrist joint
margin and is associated with dorsal angulation and
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TABLE 1-4 VERTEBRAL DEFORMITY AND RISK 
OF VERTEBRAL FRACTURE

Relative Risk of 95% Cl
Subsequent Fracture

Number of Deformities 3.2 2.1-4.8
1 9.8 23.3
2 6.1-15.8 15.3-35.4

≥3
Position of height loss
Anterior/middle 5.9 4.1-8.6
Posterior/middle 1.6 0.8-3.2

Data derived from Lunt M et al.51



displacement of the distal fragment of the radius and
with a fracture of the ulnar styloid. Distal forearm frac-
tures nearly always follow a fall on an outstretched arm.

Impact
Despite the fact that only around one-fifth of all
patients with distal forearm fractures are hospitalized,
they account for some 50,000 hospital admissions and
more than 400,000 physician visits in the United States
each year, and 10,000 hospital admissions in the
United Kingdom. Admission rates appear to vary
markedly with age, such that only 16% of those occur-
ring in women 45 to 54 years old require in-patient care
as compared with 76% of those occurring in women 85
years old and older. There is a 30% increase of algodys-
trophy after these fractures, as well as a risk of neu-
ropathies and post-traumatic arthritis. Wrist fractures
do not appear to increase mortality risk. Although wrist
fractures may affect some activities such as writing or
meal preparation, overall, few patients are completely
disabled, despite more than one half reporting only fair
to poor function at 6 months.13,56-58

Determinants
Age
Distal forearm fractures display a different pattern of
incidence from that of the other osteoporotic fractures
(see Figure 1-1). In white women, incidence rates
increase linearly between 40 and 65 years of age and
then stabilize. In men, the incidence remains constant
between 20 and 80 years of age. The reason for the
plateau in female incidence remains obscure but may
relate to a change in the pattern of falling with advanc-
ing age. The slower gait and impaired neuromuscular
coordination of elderly women make them more likely
to fall on their hip rather than on their wrist. However,
more recent studies have shown a gentle progressive
increase in incidence after menopause,59 suggesting that
there has been a change in the pattern of incidence with
age, the explanation for which is not clear.

Gender
The age-adjusted female-to-male ratio of 4:1 for distal
forearm fractures is more marked than that of either
hip or vertebral fractures. Fifty percent occur in women
older than 65 years. After the age of 35 years, the age-
adjusted incidence of wrist fracture is 36.8 per 10,000
person-years in women and 9.0 per 10,000 person-years
in men. The incidence in men is low and does not rise
much with aging.60

Season
There is a winter peak in the incidence of Colles frac-
ture that is more pronounced than the peak observed
in hip fracture and also is more closely related to falls

outdoors during episodes of icy weather. This seasonal
variation has been found to exist in northern Europe
but is not apparent in southern Europe.

COST OF OSTEOPOROTIC FRACTURES

The total cost of osteoporosis is difficult to assess because
it includes the costs of in-patient and out-patient medical
care, loss of working days, chronic nursing home care,
and medication. The direct costs of osteoporosis
stem mainly from the management of patients with hip
fractures.

In the United Kingdom, hip fracture patients occupy
one-fifth of all orthopedic beds. In 1994, the direct cost
in England and Wales was £750 million,61 and a more
recent estimate puts the figure at £942 million.62 In
France, an estimated 56,000 hip fractures annually cost
about 3.5 billion francs. The cost of fractures in the
United States may be as much as $20 billion per year,
with hip fractures accounting for more than one-third
of the total. Table 1-5 summarizes the impact of osteo-
porotic fractures in Europe in the 1990s, reaching a
total cost of around €13 billion.63

The greatest expense is incurred by the in-patient,
out-patient, and nursing home care of patients with hip
fractures. About 10% of women who sustain a hip frac-
ture become functionally dependent in the activities of
daily living (taking prefracture functional status into
account), and 19% require long-term nursing home
care because of the fracture.13 Nursing home care is
extremely expensive, accounting for more than one-
half of the total annual cost of hip fractures. At least
60,000 nursing home admissions are attributed to hip
fractures each year in the United States. As many as 8%
of all nursing home residents have had a hip fracture.

FRACTURES IN CHILDREN

There has been much less investigation of the role of
bone fragility in childhood fractures, probably because
of the perception that the primary determinant of
fracture in this age group is trauma. Most evidence
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TABLE 1-5 IMPACT OF OSTEOPOROSIS-RELATED 
FRACTURES IN UNITED KINGDOM

Hip Spine Wrist

Lifetime risk (%)
Women 14 28 13
Men 3 6 2

Cases/year (n) 70,000 120,000 50,000
Hospitalization (%) 100 2-10 5
Relative survival 0.83 0.82 1.00
Costs All sites combined ~ £1.7 billion



comes from two large studies, based in the United
Kingdom and Sweden, which describe the epidemiol-
ogy of fractures in childhood.64-66 In the series from
Malmö, Sweden, data were collected over 30 years on
all childhood fractures by radiograph retrieval. Based
on 8500 incident fractures, the overall incidence of
fracture was 212 per 10,000 girls and 257 per 10,000
boys, with 27% of girls and 42% of boys sustaining a
fracture between birth and 16 years of age. Fractures of
the distal radius occurred most commonly, followed
by fractures of the phalanges of the hand.65 A follow-
up study in Malmö between 1993 and 1994 found the
incidence of fracture had decreased by almost 10%
since the original study.67

In the United Kingdom, the GPRD was used to
investigate the epidemiology of fracture in childhood
between 1988 and 1998.64 The overall incidence of
fracture was 133.1 per 10,000 children. The gender dif-
ferences were similar to those found in the Malmö
study, with fractures being more common among boys
than girls, with an incidence of 161.6 per 10,000 and
102.9 per 10,000, respectively. Again, the most com-
mon fracture site in children of both sexes was the
radius/ulna, with a total of 39.3 per 10,000 per year.

Historically, most work has focused on the impact of
trauma in the etiology of childhood fractures, contrast-
ing with the role of bone fragility in the elderly.
However, several recent studies have documented lower
area and volumetric bone mineral density in children
with distal forearm fractures than age- and sex-matched
control subjects.68 The age and sex distribution of frac-
tures may also suggest an influence of bone fragility. In
the GPRD, fracture incidence peaked at 14 years in boys
and 11 years in girls. Thus, peak fracture rate was found
to be highest in both sexes at the start of puberty, when

the discordance between height gain and accrual of vol-
umetric bone density is greatest.64

As with fractures in the elderly, there appears to be a
geographical variation in childhood fracture incidence.
There was an almost 50% increased incidence in
Northern Ireland, Scotland, Wales, and the north of
England when compared with London and the south-
east of England. This could be due to socioeconomic
fractures, with a greater risk of accidents in lower social
classes.64

Childhood fractures are a significant problem, and
evidence is accumulating to suggest that bone fragility,
as well as propensity to trauma, play an important role
in their pathogenesis. Further work in this area may
allow children with low bone mass to be identified in
childhood and strategies put in place to reduce their
risk of further fractures in later life.

CONCLUSION

Osteoporosis is a disease that has a huge effect on pub-
lic health. The impact of osteoporotic fracture is mas-
sive, not just for individuals, but also for the health
service, the economy, and the population as a whole.
Strategies to reduce the burden of this widespread dis-
ease are thus urgently needed.
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OSTEOPOROSIS GENES AND THEIR
IDENTIFICATION

Osteoporosis is a skeletal condition characterized by
diminished bone mineral density and deterioration in
bone microarchitecture. The main clinical endpoint is
fracture. Genetic factors have long been recognized to
play an important role in both osteoporosis and its
associated phenotypes, which include bone mineral
density (BMD), bone mass, broadband ultrasound
attenuation, and velocity of sound, to name but a few.
Twin and family studies have estimated that 50% to
85% of the variance in bone mass is genetically deter-
mined.1-4 Similar studies have shown evidence of sig-
nificant genetic effects on other determinants of
fracture risk, including quantitative ultrasonographic
properties of bone,5 several aspects of femoral neck
geometry,5 muscle strength,6 bone turnover markers,7,8

body mass index,9 and age at menopause.10

Unfortunately, there are few data describing the her-
itability of osteoporotic fracture, mainly because
recruiting adequate numbers of subjects with fracture is
difficult and expensive. Several studies have shown that
a family history of fracture is a risk factor for fracture,
independent of BMD.11-14 One small twin study from
Finland found identical twins to have only slightly
higher rates of concordance for fracture than noniden-
tical twins,15 suggesting that environmental factors are
important. This illustrates the important difference
between associated phenotypes, osteoporosis, and frac-
ture: associated phenotypes have been found to be
highly heritable but identifying the genes responsible
does not necessarily identify genes for other associated
phenotypes or, indeed, those influencing fracture.
Another such example is that of genes influencing bone
density and wrist fracture. A larger UK twin study than
previously performed recently reported both wrist
BMD and wrist fracture to be independently heritable.
However, only a modest genetic overlap was found
between BMD and velocity of sound properties of bone
and genes influencing fracture.16

Several approaches are being employed currently in
the search for genes that contribute to osteoporosis in
the general population.17 Rare monogenic conditions
affecting bone have already been used to cast light on
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SUMMARY

Osteoporosis is well known to be highly influenced
by genetic factors. Bone mineral density (BMD)—
its main risk factor—has also been shown to be
highly heritable. Other known risk factors for
osteoporotic fractures, such as reduced bone
quality, femoral neck geometry, and bone turnover,
are now also known to be heritable. Different
approaches are currently being used to identify the
many genes responsible, including linkage studies
in humans and experimental animals as well as
candidate gene studies and alterations in gene
expression. Linkage studies have identified multiple
quantitative trait loci (QTLs) for regulation of BMD
and, along with twin studies, have indicated that the
QTL effects are dependent both on the sex of the
subject and on the site of osteoporosis. For the most
part, the genes responsible for BMD regulation in
these QTLs have not been identified. Many studies
have used the candidate gene approach. The
vitamin D receptor gene (VDR), the collagen type I
alpha I gene (COLIA1), and the estrogen receptor
gene alpha (ER ) have been widely investigated and
found to play roles in regulating BMD. Their 
effects, however, are modest and probably 
account together for less than 5% of the heritable
contribution to BMD. The low-density lipoprotein
receptor-related protein-5 (LRP-5) gene was
identified by linkage and confirmed in association
studies and has been shown to be physiologically
important in the Wnt signaling pathway. Genes vary
in their influence of particular intermediate
phenotypes, and we know that not all genes
influencing BMD will be important in fractures.
Susceptibility to osteoporosis is mediated, in all
likelihood, by multiple genes each having small
effect. The number of genes involved in
osteoporosis may be too great for us to
understand precisely how they all work together,
but their identification leads to greater
understanding of the physiological pathways
involved, pathways that could yield novel
therapeutic targets.
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genes that may influence population osteoporosis.
Looking to the future, the most important approaches
include candidate gene association studies and linkage
studies. All three methods are discussed here (Table 2-1).

GENES OF RARE MONOGENIC DISEASES

Osteoporosis and fragility fractures are features of sev-
eral rare monogenic diseases and provide an obvious
place to start the search for genes influencing osteo-
porosis in the general population. Such conditions are
not always informative, however. They include osteo-
genesis imperfecta, the osteoporosis-pseudoglioma
syndrome, and syndromes associated with inactivating
mutations of the estrogen receptor alpha and aro-
matase genes (Figure 2-1).

Osteogenesis imperfecta describes a heterogeneous
group of monogenic disorders characterized by multi-
ple bone fractures. Most forms of osteogenesis imper-
fecta are caused by mutations in the type I collagen
genes COLIA1 and COLIA2. The genes that encode
type I collagen have many different mutations, hence
the heterogeneous nature of the disorder from mild to
extremely severe. Osteoporosis-pseudoglioma syn-
drome is a rare, autosomal recessive disorder charac-
terized by juvenile-onset osteoporosis and blindness
due to persistent vascularization of the eye. Initial link-
age studies mapped osteoporosis-pseudoglioma
syndrome to chromosome 11q12-13.18 Subsequent
work showed the disease to be caused by inactivating
mutations in the low-density lipoprotein-related
receptor-5 (Lrp-5).19 Another phenotype, autosomal
dominant high-bone-mass, maps to the same region20

and was reported independently to be caused by an
activating mutation of the same receptor.21

Osteoporosis has been reported in association with
homozygous inactivating mutations of the estrogen
receptor and aromatase genes, emphasizing the impor-
tance of estrogen in the attainment and maintenance
of peak bone mass. Mutations in the latency-activating
peptide domain of the transforming growth factor
beta-1 gene are associated with Camurati-Engelmann
disease, a condition characterized by increased BMD in
the diaphysis of long bones.22 Mutations of the
TCIRG1 gene, which encodes a subunit of the osteo-
clast proton pump, have been shown to be responsible
for the autosomal recessive condition osteopetrosis.23

The important question is whether the genetic clues
obtained from these rare disorders cast any light on the
problem of osteoporosis in the normal population.
There is evidence that some do contribute to regulation
of “normal” BMD. For example, lipoxygenase LRP-5
gene polymorphisms have been shown recently to be
associated with bone mineral content, bone area, and
stature, particularly in males.24 Several groups have
reported polymorphisms in the transforming growth
factor beta gene to be associated with BMD and osteo-
porotic fracture,25,26 and polymorphisms of the TCIRG1
genes (subunit of osteoclast proton pump) have been
found to be associated with BMD in normal subjects.27

OTHER METHODS OF IDENTIFYING GENES 
IN OSTEOPOROSIS

Linkage Studies
Linkage disequilibrium refers to the phenomenon
whereby genes lying close together tend to be inherited
together. Evidence suggests that linkage disequilibrium
is influenced greatly and variably by both the chromo-
somal region and the human population studied. It can
extend to 350 Kb or further.28 Using this effect, linkage
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TABLE 2-1 MAIN QUANTITATIVE TRAIT LOCI FINDINGS 
FOR BONE MINERAL DENSITY (BMD) IN HUMANS

Study Locus BMD Affected 
Bone

Devoto et al. (1998)31 1p36 3.51 Hip
2p23 2.29 Hip
4q33 2.95 Hip

Nui et al. (1999)33 2p21 2.15 Wrist
Koller et al. (2000)34; 1q21 3.86 Spine
Econs et al. (2004)68

1q 3.6 Spine
5q33 2.23 Hip

Karasik et al. (2002)42 6p21 2.93 Spine
21q22 3.14 Hip

Wilson et al. (2003)38 3p21 2.7 Spine
1p36 2.4 Hip

Styrkarsdottir et al. 20p12 3.18 Hip
(2003)39

20p12 2.89 Spine
Ralston et al. (2005)40 10q21 4.4 Hip in young

men
20q13 3.2 Spine in young

women

Genes

Fracture

Bone structure

Muscle strength

Insulation

Bone turnover

Bone density

Bone size

Coordination

Early menopause

Figure 2-1. Genetic factors influencing fracture.
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studies are a well-validated method for the identifica-
tion of genes responsible for monogenic diseases and
have been used to identify chromosomal regions that
harbor genes regulating quantitative traits such as bone
mass. These regions are called quantitative trait loci
(QTLs). An advantage of linkage-based studies is that
they offer a way of identifying new molecular pathways
that regulate bone metabolism. In addition, they are
not influenced by population admixture. One disad-
vantage is that they have low statistical power to detect
genes having modest effects on BMD. Studies thus
require family samples of considerable size (several
thousand) as well as an independent validation group.

Linkage Studies in Animals
Linkage studies in experimental animals have long
been used in the identification of genes responsible for
complex traits. This approach has several advantages:
optimal control over the environment can be exer-
cised, thereby minimizing the influence of confound-
ing factors, and large numbers of progeny can be
generated, providing suitable power. In addition, fine
mapping of loci identified can be achieved using a
technique known as back-crossing. The single most
obvious disadvantage of such an approach is that
the genes/loci regulating BMD in mice may not be
influential in humans.

A recent study has combined genetic and genomic
approaches in mice to provide evidence of a role for
the Alox15 gene. Previous studies by the same group
had identified a region on mouse chromosome 11 as
influencing peak BMD.29 In the recent work, a con-
genic mouse model was constructed using the area of
interest on chromosome 11 and shown to have
increased BMD.30 Microarray analysis identified
Alox15 as the differentially expressed gene that
encodes 12/15 lipoxygenase (12/15-LO), and other
studies confirmed that this overexpression had
biological impact (increased expression of CD36
and reduced osteocalcin). A 12/15-LO knockout
mouse model also confirmed the findings, as did
pharmacological inhibitors of 15-lipoxygenase.30

Work in humans has also shown linkage to a region
on human chromosome 17 containing the genes for
12 and 15 lipoxygenase, raising hope that the find-
ings in mice may be of direct relevance to human
BMD regulation.31

Linkage Studies in Humans
Linkage studies in sibling pairs and extended families
with osteoporosis have also been used to identify loci
linked to BMD. Early studies identified loci on chro-
mosomes 1p36, 2p23-p24, and 4q32-34,31 with subse-
quent work in a second sample confirming linkage to

the 1p36 locus.32 Using a Chinese sample, a genome-
wide search in for loci regulating forearm BMD33 also
revealed the highest LOD score at 2p23-24. Koller and
coworkers conducted a whole genome search in a
series of 595 healthy white and African-American
female sibling pairs, finding LOD equal to +3.86 at
chromosome 1q21-2334 and an area suggestive of link-
age at 5q33-35. Linkage studies in the same population
identified multiple loci for regulation of femoral neck
geometry on chromosomes 5q and 4q and 17q.35

Karasik and colleagues36 have reported a genome scan
on 330 families (Framingham study) and identified
several QTLs suggestive of linkage on chromosomes 6
and 20. Of interest, a subsequent analysis using the
same population suggested that QTL-regulation of
BMD differs between men and women, and different
QTLs were found for the phenotypes peak bone mass
and bone loss.37 More recently, Wilson and col-
leagues38 performed one of the largest linkage studies
with 1100 dizygous UK twin pairs, defining two
regions of suggestive linkage on chromosomes 1p36
and 3p21. Linkage to the 3p21 region was confirmed in
a validation sample of 254 extreme discordant or
concordant affected sibling pairs with low BMD.

Most linkage studies have used BMD as the associated
phenotype of interest. In a recent study of Icelandic
families, however, Styrkarsdottir and colleagues39 used a
novel classification system and detected significant link-
age (LOD = 5.1) of osteoporosis to chromosome 20p12.
They scored study participants as “affected” if they had
reduced BMD (Z-score less than −1.0 at spine or hip) or
if they had a history of fragility fractures, or if they were
undergoing bisphosphonate treatment for osteoporosis.
This Icelandic study also suggested linkage of spine and
hip BMD to chromosome 20p12, with LOD scores of
around +3.0 on the genome-wide scan and LOD scores
of between +3.4 and +4.0 on fine mapping. Further
analysis showed that part of the linkage signal was due to
an association between osteoporosis and a polymor-
phism in the BMP2 gene, which results in a serine-ala-
nine amino acid change at codon 37. One of the largest
studies to date was in a collection of 715 European fam-
ilies having probands with low BMD (The Famos
study). Overall analysis revealed no significant linkage,
but when age and gender subgroups were studied, sev-
eral promising regions were identified including, in men,
linkage to 10q21.40 These now require independent
replication in another sample.

Non-bone Mineral Density Linkage Studies
Other osteoporosis risk phenotypes have also been
examined. Using ultrasonography to generate two asso-
ciated phenotypes, broadband ultrasound attenuation,
and velocity of sound, Wilson and associates41 have
performed a genome-wide screening of dizygous twin
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pairs using 737 highly polymorphic microsatellite
markers. Evidence was found of linkage to chromo-
some 2q33-37 (broadband ultrasound attenuation,
LOD 2.1-5.1) and 4q12-21 (velocity of sound, LOD
2.2-3.4). LOD scores greater than 2 were also identified
on chromosomes 1, 2, 13, 14, and X. Similar work
using the Framingham study sample showed quantita-
tive ultrasonographic findings to be linked to chromo-
somal regions 1p36.1.42 Subsequently, this group has
used combined bone phenotypes to see if more infor-
mation can be obtained. Using BMD and quantitative
ultrasonography, they performed principal compo-
nents analyses: linkage to 1q21.3 and 8q24.3 was found
with the first prinicipal component (LODs 2.5, 2.4)
and 1p36 was found with the second (LOD 2.1).43

Biochemical markers of bone turnover have previ-
ously been shown to be heritable and have recently been
the subject of a large twin study.44 A genome-wide scan
was performed on levels of markers of bone formation
(alkaline phosphatase, osteocalcin), bone resorption
(urinary deoxypyridinoline corrected for urine creati-
nine), and calcium metabolism (parathyroid hormone).
This revealed an area of significant linkage (LOD = 3.9)
on chromosome 1 and area of suggestive linkage on
chromosome 4 (LOD = 2.5). Of particular interest, the
QTL on chromosome 1 had pleiotropic effects, acting to
lower urinary deoxypyridinoline and increase serum
parathyroid hormone. This study of 932 nonidentical
female twin pairs has the advantage over other sibling
pair studies of matching for age and sex. Both are
important factors in bone metabolism and osteoporosis.

Given the polygenic nature of BMD regulation and
osteoporosis susceptibility, most linkage studies per-
formed to date have probably been underpowered,
although the two large studies mentioned each
included more than 1000 subjects.38,39 Overall, results
from different linkage studies show more discrepancy
than agreement, probably because of the effects of
using different study populations and differing criteria
for subject enrollment. It is partly for these reasons and
because of relatively easy access to clinical samples that
association studies are becoming more widely used.

Candidate Gene Studies
Candidate gene studies are among the most widely
used methods at present. Candidate gene association
studies are fairly simple to perform and may have suf-
ficient power to detect small allelic effects. They may
be disadvantaged, however, by the effects of confound-
ing factors and genetic heterogeneity as well as popula-
tion stratification. Furthermore, demonstration of an
association between a candidate gene and BMD does
not necessarily mean that the gene is responsible for
the effect observed, as there may be linkage disequilib-
rium with a nearby causal gene. The transmission

disequilibrium test can help by testing candidate genes
for both association and linkage.

Candidate genes investigated thus far have included
genes influencing cytokines and growth factors that
regulate bone turnover; genes that encode components
of bone matrix; and genes that encode receptors for
calciotropic hormones. Individual candidate genes
that have been implicated in the regulation of bone
mass or osteoporotic fractures have been reviewed
elsewhere.45 Recent advances in our knowledge are dis-
cussed in more detail here.

Vitamin D receptor
Vitamin D interacts with its receptor (VDR) to play an
important role in calcium homeostasis by regulating
bone cell growth and differentiation, intestinal calcium
absorption, and parathyroid hormone secretion. The
VDR was therefore a natural place to begin looking for
genetic variation that might account for osteoporosis.
The original finding that VDR alleles played a role in
BMD is now more than 10 years old.46 Since then, stud-
ies of VDR in relation to bone mass have been conflict-
ing, and it is likely that the VDR genotype is associated
with relatively modest effects on bone mass. Of interest,
the relationship between VDR genotype and BMD is
believed to be modulated by both calcium intake and
vitamin D intake. Various different polymorphisms
have been described, in different populations,47,48

although the mechanisms by which these polymor-
phisms modulate VDR function remain unclear: Some
3′ polymorphisms may influence RNA stability, and iso-
forms of VDR encoded by different alleles may possess
different functions.47 In addition, there are data to
suggest that an interaction between 5′ and 3′ polymor-
phisms is involved in regulating VDR function.

Type I collagen
The genes encoding type I collagen (COLIA1 and
COLIA2) are important, well-studied candidates for the
pathogenesis of osteoporosis. A common polymor-
phism affecting the transcription factor Sp1 binding site
has been shown to have increased prevalence in osteo-
porosis patients.49 Positive associations between the
COLIA1 Sp1 polymorphism and bone mass or osteo-
porotic fractures were subsequently reported in several
populations, and meta-analysis confirmed that the
COLIA1 genotype conferred differences in BMD.50

Ethnic differences have been reported in population
prevalence of COLIA1 Sp1 alleles, with the polymor-
phism being common in white populations, but rare in
Africans and Chinese.51 Overall, the data suggest that the
COLIA1 Sp1 polymorphism is a functional variant that
has adverse effects on bone composition and mechani-
cal strength. Haplotype analysis has shown that suscep-
tibility to fracture is driven by the Sp1 polymorphism
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rather than other known polymorphisms at the COLIA1
locus,52 although it remains possible that hitherto
unidentified polymorphisms in linkage disequilibrium
with the Sp1 polymorphism contribute to the observed
effects. From a clinical viewpoint, the COLIA1 polymor-
phism may be of value, not as a therapeutic target but as
a marker of osteoporotic fracture risk, because it pre-
dicts fractures independently of BMD as well as inter-
acting with BMD to enhance fracture prediction.53

Estrogen receptors and aromatase genes
In view of the strong relationship between estrogen defi-
ciency and bone loss, the estrogen receptor alpha (ER)
gene has long been a strong candidate gene for osteo-
porosis. An association has been reported between a TA
repeat polymorphism in the ER promoter and bone
mass in both Japanese and US populations. Other inves-
tigators have reported positive associations between
haplotypes defined by PvuII and XbaI polymorphisms
in intron 1 of the ER gene and bone mass54 as well as age
at menopause.55 The molecular mechanism by which
these polymorphisms influence bone mass are as yet
unclear, but a meta-analysis of the intron 1 polymor-
phisms indicated that the association with BMD and
fracture is attributable mainly to variation at the XbaI
site.56 More recently, a large-scale study comprising
eight European centers has attempted to answer the
question more definitively using almost 19,000 subjects.
Three common ER gene polymorphisms were studied,
and none of the polymorphisms was shown to be asso-
ciated with BMD. The absence of a Xba1 polymorphism
recognition site conferred a risk reduction in all frac-
tures of 19%, whereas the risk reduction for vertebral
fractures was 35%. The effects on fracture were inde-
pendent of BMD. Polymorphisms in PvuII and TA
repeats did not appear to have any influence.57

Aromatase is the enzyme that converts androgens into
estrogens, so it is likely to be of importance in bone
metabolism in men and postmenopausal women. It is
encoded by the CYP19 gene. A recent study from
Australia has shown the TTTA repeat polymorphism of
CYP19 to be associated with higher circulating estrodiol,
higher BMD at the hip and lumbar spine, and lower
markers of bone turnover in more than 1200 women
aged 70 years or older.58 Similar findings have also been
reported in elderly Italian men.59

Other genes
Polymorphisms in several other candidate genes have
been associated with bone mass and/or osteoporotic
fracture including transforming growth factor beta-1
and the interleukin-6 locus. The effects of these poly-
morphisms on interleukin-6 function are yet to be
determined. Two studies have looked at the possible
associations between apolipoprotein E alleles and

osteoporosis, but again the mechanisms by which
apolipoprotein E alleles influence susceptibility to
osteoporosis are also unclear. Two groups have
reported an association between a coding polymor-
phism of the calcitonin receptor gene and BMD. The
osteocalcin gene has been found to be associated and
linked to BMD and bone quality.60 Other candidate
genes that have been studied in relation to BMD
include parathyroid hormone, the androgen receptor,
aromatase, osteoprotegerin, Klotho, and the inter-
leukin-1 receptor antagonist. Most of these have not
been consistently replicated. A list of recent associa-
tions is given in Table 2-2.

TH
E G

EN
ETIC

S O
F O

STEO
PO

RO
SIS

18

TABLE 2-2 CANDIDATE GENES IMPLICATED IN 
OSTEOPOROSIS

Biological Candidate Chromosome 
Classification Gene Location

Calciotropic hormones 
and receptors VDR 12q12-14

ER-a 6q25
ER-b 14q22-24
CT 11p15
CTR 7q21
PTH 11p15
PTHR1 3p22-21
CYP19 15q21
GCCR 5q31
CASR 3q13-21
AR Xq11-12

Cytokines, growth 
factors, and receptors TGF-b1 19q13

IL-6 7p21
IGF-1 12q22-24
IL-1RA 2q14
OPG 8q24
TNF-a 6p21
TNFR2 1p36

Bone matrix proteins COL1A1 17q21-22
COL1A2 7q22
BGP 1q25-31
MGP 12p13-12
AHSG 3q27

Miscellaneous ApoE 19q13
MTHFR 1p36
P57(KIP2) 11p15
HLA-A 6p21
PPAR-g 3p25
FRA-1 11q13
RUNX-2 6p21
Klotho gene 13q12
WRN (Werner 8p12-11

syndrome gene)
LRP-5 11q12-13

Adapted from Lui et al.,45 with acknowledgments and thanks to Drs

Lui and Deng.
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Gene-Gene and Gene-Environment
Interactions
In addition to the study of single genes or poly-
morphisms in isolation, it has been realized that both
gene-gene and gene-environment interactions play
an important role in the variation of expression of
complex traits such as osteoporosis.

A Dutch study of 1000 postmenopausal women
looked at the effects of a combination of both the G-
to-A polymorphism in the COL1A1 Sp1 binding site
and the “baT” haplotype of VDR. The investigators
found a significant interaction between the genotypes,
both being independent of the effect of BMD.61 The
Danish Osteoporosis Prevention Study recently
reported the influence of polymorphisms within the
CYP19 and androgen receptor genes in almost 1800
newly postmenopausal women who were randomized
to receive estrogen replacement therapy or no treat-
ment.62 Although perimenopausal bone loss was not
associated with either gene’s polymorphisms, the
BMD response over 5 years to estrogen was influenced
by genotype: one CYP19 allele was associated with sig-
nificantly greater response. Although the androgen
receptor genotype was not related to BMD, a mod-
ifying effect of sex hormone–binding globulin was
observed. Thus, in the highest quartile of sex hormone–
binding globulin, androgen receptor genotype was
associated with baseline BMD.

These types of study emphasize the importance of
both gene-gene and gene-environment interactions
and highlight once again the need for large, usually
multicenter, studies to recruit sufficient numbers of
subjects to enable well-powered studies to be per-
formed. They also raise the issue of multiple testing,
which may give rise to spurious positive findings unless
it is taken into account in the interpretation of the data.

Gene Expression Studies
A novel approach to the question of osteoporosis genes
is that involving gene expression studies. In this type of
study, differences in gene expression are explored in
tissues derived from subjects having and not having
the trait of interest. Very much greater power is
obtained if the genetic background of the trait-
discordant subjects is similar, or the same as in the case
of identical twins. One small study has used osteoblast-
like cultures from two pairs of monozygotic twins 
discordant for BMD and one concordant pair.
Genome-wide gene expression of the cell culture
derived from bone marrow aspirates suggests that the
following genes were differentially expressed: chon-
droitin beta 1,4 N-acetylgalactosaminyltransferase,
inhibin beta A, IL-1β, and colony stimulating factor 1
macrophage.63 These genes are known to play a part in
bone physiology. Although the numbers studied were

small, this study highlights both the potential of the
emerging new technology for examining gene expres-
sion and the further benefits that may be derived from
the twin registers in a number of countries, by provid-
ing informative subjects willing to take part in such
studies.

Pooling Studies
Another newer method being used to increase the
power and cost-effectiveness of studies of osteoporo-
sis is that of pooling. This type of association study
contrasts DNA pools from several hundred subjects
with and without the trait of interest, for example
BMD. One such study has examined 25,000 SNPs in
16,000 genes from women with high and low BMD.
To compensate for the loss of power with multiple
testing, the findings were verified by individual geno-
typing in two further case control groups. The differ-
ences in allele frequency between the two trait
expression groups suggested a candidate locus in the
phosphodiesterase 4D gene (PDE4D) on chromosome
5q12. This was fine-mapped using 80 SNPs within 50
kB of the marker SNP.64 This study also produced evi-
dence in support of the association with the Ser37Val
polymorphism in BMP2, a gene known to interact
with PDE4D (and implicated in Icelandic studies).
These data illustrate the potential of these methods,
particularly when used in conjunction, and also high-
light the need for replication in at least two further
independent samples.

Overlapping Phenotypes
In addition to the associated phenotypes and traits that
can be used as surrogates of the main clinical outcome
of interest, other bone diseases may also shed light on
genes of importance in osteoporosis. Studies have
shown that perhaps 30% of genes involved in bone
metabolism overlap with those influencing osteoarthri-
tis, a condition affecting bone as well as cartilage. Genes
believed to be common to both include the VDR, the
COL1A1, and possibly the ER genes.65 A recent example
of an association study of osteoarthritis progression by
Valdes and colleagues66 implicated several bone genes
such as BMP2 and genes involved in inflammation.
Cytokines have been found, somewhat surprisingly, to
be associated with chronic diseases such as disc degener-
ation67 that hitherto have been considered noninflam-
matory. With the finding that the LRP-5 gene is
associated with osteoporosis comes the realization that
genes controlling pathways such as lipid metabolism
and inflammation may be important in so-called nonin-
flammatory bone conditions. Thus, the range of poten-
tial candidate genes is growing considerably larger, and
genetic researchers increasingly need to cross traditional
disease boundaries.
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FUTURE WORK

What direction is work into identification of osteo-
porosis genes likely to take? At present, some argue,
lines of investigation are driven not by scientific
rationale but by technology and the increasing avail-
ability of new assay techniques handling ever larger
numbers of polymorphisms. Although the estimated
number of human genes continues to fall (currently
around 23,000), the number of recognized SNPs is
increasing, with more than 30,000 known nonsynony-
mous SNPs. The possibility of testing samples for more
than 500,000 validated SNPs at a future cost of less
than 1 US cent per SNP beckons. The new technology
will enable increasingly large panels of polymor-
phisms, as well as gene expression levels and, in the
future, proteins and metabolic profiles, to be studied
simultaneously. Funding for future work should be

prioritized for those studies that have sufficient power
to answer the question being addressed, although the
increasing problems of multiple testing and the diffi-
culties in having large numbers of replicate clinical
cohorts will make the task no less difficult.17

In conclusion, osteoporosis is a good example of a
complex genetic trait. The associated phenotypes stud-
ied thus far have heritabilities of 50% to 80% and a
large number of genes are likely to be involved in its
pathogenesis. Several candidate genes have been iden-
tified, but their individual effects are small. Many
genome-wide linkage scans have been performed, but
other than for LRP-5, the results are inconsistent, high-
lighting some of the difficulties in pinpointing the
genes and suggesting that to maximize the chances of
gene discovery, a full range of phenotypes and methods
will need to be utilized.
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OSTEOPOROSIS AND FRACTURES

Fractures in later life due to osteoporosis are a signifi-
cant public health problem. Bone mass assessed by
densitometry has consistently been identified as a
major predictor of these fractures.1 Bone mass in later
life is a function of bone mass developed in younger
life and bone loss in later life. Certainly, prevention of
fractures in later life by increasing peak bone mass is an
attractive concept from a public health viewpoint. This
chapter reviews the evidence relating peak bone mass
to osteoporosis and fracture in later life.

DEFINITION AND TIMING OF PEAK BONE
MASS

Peak bone mass is a difficult concept to define.
Conceptually, peak bone “strength” is the time at
which skeletal strength is maximal during life.
However, strength can be estimated only in living sub-
jects. Bone mass assessed by densitometry is a reason-
able surrogate for bone strength, as it explains a large
percentage of the variation in bone breaking strength.2

The timing of peak bone mass varies by site and sex.
The best estimates suggest age 16 in females and age 20
in males for the hip and spine, with a peak sometime
during the third decade for the total body.3 Bone loss
appears to start premenopausally in women, but stud-
ies are lacking in men. In contrast, different estimates
apply for bone size, which appears to increase through-
out life at a number of sites.

In 1973, Dent stated that senile osteoporosis is a
pediatric disease.4 There is no direct high-quality evi-
dence to support this statement, as such a study would
need to be at least 50 years in duration with good
measures of bone mass, which will not be feasible for
many years given that dual x-ray absorptiometry scan-
ners only became available in the late 1980s. There is,
however, indirect evidence from a number of studies
to support this proposition in a number of areas
(Figure 3-1).

1. The genetic effect on bone mass is primarily on
bone development.

2. Bone mass tracks throughout life.
3. Exposures during childhood have been related to

bone development, and some of these have an
ongoing effect on either bone mass or fractures in
later life.

It should be noted that these studies are largely
observational, and the cross-sectional data, in particu-
lar, are subject to potential bias. Their conclusions
need to be confirmed in longitudinal studies.

Direct Studies of Contribution of Peak
Bone Mass to Bone Mass and Fracture
in Later Life
Shorter term studies have estimated the contribution
of peak bone mass to bone mass in later life. There
have been five studies of this issue.5-9 One studied

EPIDEMIOLOGY

Relevance of Peak Bone Mass
to Osteoporosis and Fracture Risk
in Later Life
Graeme Jones

3

Interaction

Peak bone mass

Bone mass in later life

Fractures

Tracking of bone mass
and possibly lifestyle 
factors along percentile curve

Lifestyle factors
(physical activity, nutrition,
sun exposure, early life)Genetic factors

Figure 3-1. Conceptual pathways illustrating importance of
peak bone mass for osteoporosis and fracture in later life.
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women at the time of menopause and followed them
for 12 years for bone mass5 and 15 years for fracture.6

From these studies, it can be estimated that bone
mass prior to menopause contributed about three-
quarters of bone mass 12 years after menopause and
that bone mass and bone loss over 15 years con-
tributed equally and significantly to fracture risk. In
the second study, Hui and colleagues7 modeled the
contribution of bone mass and bone loss from a pop-
ulation-based cross-sectional and longitudinal
dataset and concluded that bone mass prior to age 70
and subsequent bone loss contributed equally to bone
mass in later life, implying a much smaller contribu-
tion from peak bone mass. The other two studies
used computer modeling rather than actual datasets.
Horsman and Burkinshaw8 estimated that two-thirds
of fracture risk in later life was related to variation in
peak bone mass, whereas Hernandez and colleagues9

concluded that peak bone mass was the major con-
tributor to bone mass in later life when compared
with menopausal and age-related bone loss. Thus,
although these studies are consistent with regard to
peak bone mass having a substantial influence on
bone mass and fracture risk in later life, they conflict
with regard to the magnitude of this effect. The
observational studies are likely to underestimate the
contribution of peak bone mass because of the rela-
tively short follow-up period, suggesting that com-
puter modeling approaches may be more robust even
though such exercises are prone to a number of
biases, particularly in terms of assumptions.

Genetic Effect on Bone Development 
as It Affects Bone Mass
There are many studies documenting a strong genetic
contribution to bone mass.10-15 Estimates are gener-
ally higher for twin studies as compared with family
studies, which may reflect some well-documented
limitations of the twin model in regard to shared
environment.10 Clearly, this effect is most marked for
peak bone mass and appears to peak at age 26.14

There are lesser contributions to bone loss, which
may again reflect the dilutional effect of measure-
ment error on heritability from short-term studies.
Given this finding, the genetic effect on fracture
should be strong, but twin studies have been incon-
clusive to date.13 This may partly be due to method-
ological issues such as power and fracture definition
or may reflect the strong additional contribution of
falls to fracture risk. Interestingly, in a novel family
study, Seeman and colleagues11 described a deficit in
femoral (but not spine) bone mass in the daughters of
women with hip fractures, which directly implicates
peak bone mass in fracture etiology through genetic
mechanisms.

Evidence that Bone Mass Tracks
Throughout Life
The hypothesis that bone mass tracks throughout life
stems from the original observation that the popula-
tion variance of bone mass does not increase in later
life.16 If bone loss were independent of bone acquisi-
tion, then the variance should increase over time.
Many short-term studies over 1 to 2 years have docu-
mented very high correlations between initial and fol-
low-up bone mass. The longest studies have confirmed
this in women over 15 years6 and children over 2
years.17

Furthermore, a single bone density reading (meas-
ured by technology that is now regarded as outdated)
has good predictive value for fracture up to 25 years
later.18 The strength of association did decrease over
time but was similar to that obtained in studies with
much shorter follow-up,1 which is intriguing given the
radial site of measurement and the higher measure-
ment error. The concept of fast and slow losers appears
conceptually opposite to these findings, as tracking
would imply that each person closely follows their per-
centile band throughout life. However, most studies
suggest that bone loss is normally distributed and a
substantial amount of the variation can be explained
by measurement error and regression to the mean
rather than crossing of percentile curves. Lastly, low
bone mass in childhood is linked with an increased risk
for fractures of the distal forearm,19,20 and women who
report these fractures also have a deficit in bone mass
in later life,21 supporting the tracking concept.

Childhood Exposures Related to Bone
Development and Ongoing Effect on Bone
Mass and Fractures in Later Life
Physical activity
There is no doubt that physical activity in younger life
is associated with substantial gains in bone mass, espe-
cially in the prepubertal years.22 However, the evidence
that this protects against fracture in later life is much
less convincing. In part, this is due to issues of the
design of the studies, which are generally retrospective,
prone to recall and survivor bias, and use measure-
ment tools of uncertain and questionable validity. The
effects of these factors will be to decrease the magni-
tude of association. Only some of the gain in bone
mass is retained after cessation of the activity,23,24 sug-
gesting that physical activity may need to be a lifelong
pattern to lead to fracture protection. A number of
observational studies have documented that physical
activity during younger life does seem to confer pro-
tection against hip fracture in particular, with less con-
vincing evidence for vertebral and wrist fractures.25 No
studies have had sufficient sample size to assess
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whether the effect of early life exercise is independent
of later life exercise or represents lifelong behavior.
Most authorities would accept that lifelong physical
activity will protect against fractures in later life even if
it increases fracture risk in younger life,26,27 and a ran-
domized controlled trial of this question is not feasible.

Nutrition
There have been numerous trials of calcium supple-
mentation in children. These have consistently shown
a beneficial effect that is generally small in magnitude.
This benefit is mostly lost on cessation of calcium sup-
plementation,28,29 implying that lifetime continuation
of high intakes is required for any potential benefit.
Milk intake has also been shown to be beneficial in ado-
lescent girls and may be associated with a long-term
gain in bone mass based on observational evidence.30,31

The Medos study reported that calcium intake in earlier
life was less important for hip fracture risk than calcium
intake in later life.32,33 The role of other nutrients is
uncertain at this time, although maternal diet during
pregnancy (specifically phosphorus, protein, magne-
sium, and fat) and breastfeeding for up to three months
have been linked to gains in bone mass in the breastfed
children 8 years later.34,35 There has been recent interest
in fruit and vegetables and bone health in children, but
research is at a very early stage.36

Hormonal factors
Anorexia nervosa has been associated with a long-term
increase in fracture risk.37 This is likely to be due to
impaired menstruation, low body weight, and poor
nutrition. There have also been a number of studies
linking late menarche and/or years of menstruation to
bone mass and fracture risk in later life.38

Sunlight and vitamin D
Relatively few studies have been undertaken in the area
of sunlight and vitamin D as related to bone mass and
fracture risk. The MEDOS study reported quite strong
associations between sun exposure and hip fracture
risk in both men and women in later life.32,33 In
women, but not in men, the odds ratios were stronger
for childhood and young adulthood than later life,
which is surprising given the likely diluting effect of
variations in long-term recall and strongly suggests
exposure at early life is more important. This effect
may be through bone mass or falls risk. The available

studies support the former. Vitamin D levels in cord
blood have been linked with bone mass in the children
9 years later, whereas vitamin D supplementation in
the first year of life also is associated with higher bone
mass at age 8,39 and winter sun exposure is associated
with bone mass in prepubertal children in Tasmania,
especially females.40 Furthermore, vitamin D levels
have been linked with bone turnover and density in
both male and female children.41,42 Vitamin D defi-
ciency may also explain the association between
growth velocity during childhood and hip fracture risk
in later life in a Finnish cohort.43 There have been
many recent studies documenting low levels of vitamin
D in children and ensuring sufficiency would appear to
be a safe and desirable current health priority.

Other early life exposures
Birth weight has been linked to later bone mass in a
number of studies.44-46 This has also been linked posi-
tively to fracture risk in childhood47 but not in later life
to date. This effect may be mediated by genetic fac-
tors.46 Smoking in utero has been reported to reduce
bone mass in neonates48 and in 8-year-old children.49

This effect was mediated through placental function,
suggesting that smoking may program later bone
responses. Smoking in utero has not been associated
with fracture risk in children,47,50 but there have been
no studies relating it to peak bone mass or fractures in
later life.

Injury
Fractures in childhood have been associated with a
deficit in bone mass in later life. This may be due to
immobilization associated with the fracture event,
such as femoral shaft fractures,51 or may reflect an
increased risk of fracture in childhood associated with
lower bone mass, such as for wrist and forearm frac-
tures,21 even though the deficit in later life was some-
what larger than that observed around the time of the
fracture event.

CONCLUSIONS

Taken as a whole, the current observational data make
a compelling case that peak bone mass is of major rele-
vance to osteoporosis and risk for fractures in later life.
A better understanding of peak bone strength, its deter-
minants, and how to measure it are research priorities.

Lane-ch03.qxd  05/04/2006  9:30 PM  Page 24



Referen
ces

25

1. Marshall D, Johnell O, Wedel H: Meta-analysis of how well
measures of bone mineral density predict occurrence of osteo-
porotic fracture. BMJ 1996;312:1254-59.

2. Jarvinen TL, Sievanen H, Kannus P, et al: Dual-energy X-ray
absorptiometry in predicting mechanical characteristics of rat
femur. Bone 1998;22:551-58.

3. Bonjour JP, Theintz G, Law F, et al: Peak bone mass. Osteoporos
Int 4 1994;S1:7-13.

4. Dent CE: Keynote address: problems in metabolic bone disease.
In: Frame B, Parfitt MA, Duncan H, eds: Clinical aspects of meta-
bolic bone disease. Amsterdam: Excerpta Medica, 1973:1-6.

5. Hansen MA, Overgaard K, Riis BJ, et al: Role of peak bone mass
and bone loss in postmenopausal osteoporosis: 12 year study.
BMJ 1991;303:961-64.

6. Riis BJ, Hansen MA, Jensen AM, et al: Low bone mass and fast
rate of bone loss at menopause: equal risk factors for future
fracture: a 15-year follow-up study. Bone 1996;19:9-12.

7. Hui SL, Slemenda CW, Johnston CC Jr: The contribution of bone
loss to postmenopausal osteoporosis. Osteoporos Int
1990;1:30-4.

8. Horsman A, Burkinshaw L: Stochastic models of femoral bone
loss and hip fracture risk. In Kleerekoper MJ, Krane SM, eds.
Clinical disorders of bone and mineral metabolism. New York:
Mary Ann Liebert, 1989:253-63.

9. Hernandez CJ, Beaupre GS, Carter DR: A theoretical analysis of
the relative influences of peak BMD, age-related bone loss and
menopause on the development of osteoporosis. Osteoporos
Int 2003;14:843-47.

10. Slemenda CW, Christian JC, Williams CJ, et al: Genetic determi-
nants of bone mass in adult women: a reevaluation of the twin
model and the potential importance of gene interaction on
heritability estimates. J Bone Min Res 1991;6:561-67.

11. Seeman E, Tsalamandris C, Formica C, et al. Reduced femoral
neck bone density in the daughters of women with hip frac-
tures: the role of low peak bone density in the pathogenesis of
osteoporosis. J Bone Miner Res 1994;9:739-43.

12. Danielson ME, Cauley JA, Baker CE, et al: Familial resemblance
of bone mineral density (BMD) and calcaneal ultrasound atten-
uation: the BMD in mothers and daughters study. J Bone Min
Res 1999;14:102-110.

13. Kannus P, Palvanen M, Kaprio J, et al: Genetic factors and osteo-
porotic fractures in elderly people: prospective 25 year follow
up of a nationwide cohort of elderly Finnish twins. BMJ
1999;319:1334-37.

14. Gueguen R, Jouanny P, Guillemin F, et al: Segregation analysis
and variance components analysis of bone mineral density in
healthy families. J Bone Min Res 1995;10:2017-22.

15. Hopper JL, Green RM, Nowson CA, et al: Genetic, common envi-
ronment, and individual specific components of variance for
bone mineral density in 10- to 26-year-old females: a twin
study. Am J Epidemiol 1998;147:17-29.

16. Newton-John HF, Morgan DB: The loss of bone with age, osteo-
porosis, and fractures. Clin Orthop 1970;71:229-52.

17. Ferrari S, Rizzoli R, Slosman D, et al: Familial resemblance for
bone mineral mass is expressed before puberty. J Clin
Endocrinol Metab 1998;83:358-61.

18. Duppe H, Gardsell P, Nilsson B, et al: A single bone density
measurement can predict fractures over 25 years. Calcif Tissue
Int 1997;60:171-74.

19. Ma D, Jones G: The association between bone mineral density,
metacarpal morphometry and upper limb fractures in children:
a population based case-control study. J Clin Endocrinol Metab
2003;88:1486-91.

20. Goulding A, Cannan R, Williams SM, et al: Bone mineral density
in girls with forearm fractures. J Bone Miner Res 1998;13:143-48.

21. Fiorano-Charlier C, Ostertag A, Aquino JP, et al: Reduced bone
mineral density in postmenopausal women self-reporting pre-
menopausal wrist fractures. Bone 2002;31:102-6.

22. Seeman E: The Achilles’ heel of exercise-induced bone mass
increments: cessation of exercise. J Bone Miner Res
2001;16:1370-73.

23. Bass S, Pearce G, Bradney M, et al: Exercise before puberty may
confer residual benefits in bone density in adulthood: studies in

active prepubertal and retired gymnasts. J Bone Min Res
1998;13:500-8.

24. Khan K, Bennell KL, Hopper JL, et al: Self-reported ballet classes
undertaken at age 10-12 years and hip bone mineral density in
later life. Osteoporosis Int 1998;8:165-73.

25. Gregg EW, Pereira MA, Caspersen CJ: Physical activity, falls, and
fractures among older adults: a review of the epidemiologic
evidence. J Am Geriatr Soc 2000;48:883-93.

26. Wyshak G, Frisch RE, Albright TE, et al: Bone fractures among
former college athletes compared with nonathletes in the
menopausal and postmenopausal years. Obstet Gynecol
1987;69:121-26.

27. Ma D, Jones G: Television, computer and video viewing, physi-
cal activity and upper limb fracture risk in children: a popula-
tion based case-control study. J Bone Min Res 2003; 18:1970-77.

28. Lee WT, Leung SS, Leung DM, et al: A follow-up study on the
effects of calcium-supplement withdrawal and puberty on
bone acquisition of children. Am J Clin Nutr 1996;64:71-7.

29. Bonjour JP, Chevalley T, Ammann P, et al: Gain in bone mineral
mass in prepubertal girls 3.5 years after discontinuation of
calcium supplementation: a follow-up study. Lancet
2001;358:1208-12.

30. Sandler RB, Slemenda CW, LaPorte RE, et al: Postmenopausal
bone density and milk consumption in childhood and adoles-
cence. Am J Clin Nutr 1985;42:270-4.

31. Murphy S, Khaw KT, May H, et al: Milk consumption and bone
mineral density in middle aged and elderly women. BMJ
1994;308:939-41.

32. Kanis J, Johnell O, Gullberg B, et al: Risk factors for hip fracture
in men from southern Europe: the MEDOS study. Osteoporos
Int 1999;9:45-54.

33. Johnell O, Gullberg B, Kanis JA, et al: Risk factors for hip 
fracture in European women: the MEDOS Study. 
Mediterranean Osteoporosis Study. J Bone Miner Res
1995;10:1802-15.

34. Jones G, Riley M, Dwyer T: Breastfeeding in early life and prepu-
bertal bone mass: a longitudinal study. Osteoporos Int
2000;2:146-52.

35. Jones G, Riley M, Dwyer T: Maternal diet during pregnancy is
associated with bone mass in prepubertal children: a longitudi-
nal study. Eur J Clin Nutr 2000;54:749-56.

36. Jones G, Riley MD, Whiting S: The association between urinary
potassium, urinary sodium, current diet and bone density in
prepubertal children. Am J Clin Nutr 2001;73:839-44.

37. Lucas AR, Melton LJ 3rd, Crowson CS, et al: Long-term fracture
risk among women with anorexia nervosa: a population-based
cohort study. Mayo Clin Proc 1999;74:972-77.

38. Nguyen T, Jones G, Sambrook PN, et al: Effects of estrogen
exposure and reproductive factors on bone mineral density
and osteoporotic fractures. J Clin Endocrinol Metab
1995;80:2709-14.

39. Zamora SA, Rizzoli R, Belli DC, et al: Vitamin D supplementa-
tion during infancy is associated with higher bone mineral
mass in prepubertal girls. J Clin Endocrinol Metab 1999;84:
4541-44.

40. Jones G, Dwyer T: Bone mass in prepubertal children: gender
differences and the role of physical activity and sunlight expo-
sure. J Clin Endocrinol Metab 1998;83:4274-79.

41. Cheng S, Tylavsky F, Kroger H, et al. Association of low
25-hydroxyvitamin D concentrations with elevated parathyroid
hormone concentrations and low cortical bone density in early
pubertal and prepubertal Finnish girls. Am J Clin Nutr
2003;78:485-92.

42. Jones G, Dwyer T, Hynes K, et al: Vitamin D insufficiency in ado-
lescent boys in Northwest Tasmania: prevalence, determinants
and relationship to bone turnover markers. Osteoporos Int
2005;16:636-41.

43. Cooper C, Eriksson JG, Forsen T, et al: Maternal height, child-
hood growth and risk of hip fracture in later life: a longitudinal
study. Osteoporos Int 2001;12:623-29.

44. Cooper C, Cawley M, Bhalla A, et al: Childhood growth, physical
activity and peak bone mass in women. J Bone Min Res
1995;10:940-47.

REFERENCES

Lane-ch03.qxd  05/04/2006  9:30 PM  Page 25



45. Cooper C, Fall C, Egger P, et al: Growth in infancy and bone
mass in later life. Ann Rheum Dis 1997;56:17-21.

46. Jones G, Dwyer T: Birth weight, birth length and bone density
in prepubertal children: evidence for an association that may
be mediated by genetic factors. Calcif Tiss Int 2000;67:304-8.

47. Jones IE, Williams SM, Goulding A: Associations of birth weight
and length, childhood size, and smoking with bone fractures
during growth: evidence from a birth cohort study. Am J
Epidemiol 2004;159:343-50.

48. Godfrey K, Walker-Bone K, Robinson S, et al: Neonatal bone
mass: influence of parental birthweight, maternal smoking,

body composition, and activity during pregnancy. J Bone Miner
Res 2001;16:1694-703.

49. Jones G, Riley M, Dwyer T: Maternal smoking during pregnancy,
growth and bone mass in prepubertal children. J Bone Min Res
1999;14:147-52.

50. Ma D, Jones G: Clinical risk factors but not bone density are
associated with prevalent fractures in prepubertal children.
J Paed Child Hth 2002;38:497-500.

51. Leppala J, Kannus P, Niemi S et al. An early-life femoral shaft
fracture and bone mineral density at adulthood. Osteoporos Int
1999;10:337-42.

RELEV
A

N
C

E O
F PEA

K
 B

O
N

E M
A

SS TO
 O

STEO
PO

RO
SIS A

N
D

 FRA
C

TU
RE RISK

 IN
 LA

TER LIFE

26

Lane-ch03.qxd  05/04/2006  9:30 PM  Page 26



27

Osteoporosis has been defined as a systemic skeletal dis-
order characterized by compromised bone strength pre-
disposing to an increased risk of fracture.1 Bone strength
is determined by many factors, including primarily bone
mass. Bone mass is estimated in clinical practice by bone
mineral density (BMD), the quantity of mineral (grams
of calcium) divided by the area of the bone. There is a
strong nonlinear relationship between BMD and the
risk of fracture, such that for every decrease in one stan-
dard deviation below the age-adjusted mean for total
hip BMD the risk of hip fracture increases by a factor of
greater than 2.2 The World Health Organization defined
osteoporosis in white women as a BMD measured at the
femoral neck of 2.5 or more standard deviations below
the mean of young white women aged 20 to 39 years.3

This definition has been generalized to women of other
ethnicities and to men with the proviso that normative
data for young persons be sex and race specific.

The most important osteoporotic fractures, from the
standpoints of both incidence and consequences, are
vertebral and hip fractures.4-6 Results of randomized
placebo-controlled clinical trials have demonstrated that
treatment of postmenopausal women with either preva-
lent vertebral fractures or low BMD (T-score of −2.0 or
below) can reduce the risk of vertebral, nonvertebral,
and hip fractures.7-9 Similarly, treatment of men with
low BMD can reduce the risk of vertebral fractures.10,11

This chapter reviews recommendations and algo-
rithms for identifying persons who should undergo
measurement of BMD in an attempt to identify
women and men with low BMD who should undergo
treatment to reduce their risk of fracture.

WHO SHOULD HAVE BONE MINERAL
DENSITY MEASURED?

Lewiecki12 recently reviewed guidelines for BMD test-
ing. He performed a systematic review of MEDLINE
and the National Guideline Clearinghouse to identify

clinical practice guidelines that were written in English
and had been published, updated, or endorsed since
2000. A total of 78 publications were identified; of
these, there were five unique published BMD testing
guidelines (Table 4-1).13-17 The most widely recognized
guidelines are those of the National Osteoporosis
Foundation (NOF).13 The NOF recommends BMD
testing in all postmenopausal women aged 65 and
older as well as in younger postmenopausal women
with one or more of the following risk factors: personal
history of low-trauma clinical fracture, history of
osteoporotic fracture in a first-degree relative, low
body weight (127 lbs or less), or current smoking.
These recommendations apply directly to white
women; however, they have been liberally expanded
for all women. The NOF currently is developing rec-
ommendations for men.

The American Association of Clinical Endocrinologists
(AACE) also recommends that postmenopausal women
aged 65 and older should undergo BMD testing.14 In
addition, younger postmenopausal women with a his-
tory of a clinical fracture not caused by major trauma
(e.g., motor vehicle accident) as well as those with
other risk factors for fracture should undergo BMD

Recommendations for Performing
Bone Densitometry to Diagnose
Osteoporosis and Identify Persons to
Be Treated for Osteoporosis
Marc C. Hochberg

4

TABLE 4-1 GUIDELINES FOR MEASUREMENT 
OF BONE MINERAL DENSITY (WEBSITES)

American Association of Clinical Endocrinologists
(www.aace.org/clin/guidelines)

International Society for Clinical Densitometry
(www.iscd.org/Visitors/positions/OfficialPositionsText.cfm)

National Osteoporosis Foundation
(www.nof.org/professionals/clinical.htm)

North American Menopause Society
(www.menopause.org/edumaterials/cliniciansguide)

United States Preventive Services Task Force
(www.ahrq.gov/clinic/uspstf/uspsoste.htm)

EPIDEMIOLOGY
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testing. This includes not only diseases but also drugs
that are associated with secondary osteoporosis
(Tables 4-2 and 4-3).

The North American Menopause Society’s (NAMS’)
recommendations are similar to those of the AACE but

also include testing of premenopausal women with
low-trauma osteoporotic fractures or secondary causes
of osteoporosis.15 Testing of premenopausal women
results in a conundrum, as no medications are approved
for treatment of osteoporosis in premenopausal women.

The International Society for Clinical Densitometry
(ISCD) recommends BMD testing in all post-
menopausal women aged 65 and older and all men
aged 70 and older.16 The ISCD also recommends BMD
testing in younger postmenopausal women and men
aged 50 with not only diseases but also taking drugs
that are associated with secondary osteoporosis. The
ISCD is the only organization that has proposed rec-
ommendations for BMD testing in men.

Finally, the US Preventive Services Task Force has
the most restricted guidelines, recommending BMD
testing in all postmenopausal women aged 65 and
older and women aged 60 to 64 with risk factors for
fracture.17

Several algorithms have been published that can be
used to identify women who should undergo BMD
testing; these complement the recommendations listed
in Table 4-1 and briefly reviewed above.18-21 These
algorithms include the Osteoporosis Risk Assessment
Index, the Simple Calculated Osteoporosis Risk
Equation (SCORE), and the Osteoporosis Self-
Assessment Tool (OST); the OST has also been used in
men.22 The Osteoporosis Risk Assessment Index
includes five questions and the SCORE includes six
questions; both of these require calculation of a score
that leads to identification of individuals who should
be referred for testing for osteoporosis. The OST uses
a formula based solely on age and body weight and has
been adopted by the State of Maryland’s Osteoporosis
Task Force for identifying women and men who are at
low, medium, or high risk for osteoporosis based on
a BMD T-score of −2.5 or lower (Figure 4-1).23

Raisz, in reviewing these recommendations and algo-
rithms, concluded that BMD measurements should be
obtained routinely in all women older than 65 years and
in men and younger women who have had a fragility
fracture or have medical conditions or are taking med-
ications that are associated with secondary osteoporosis;
in addition, he recommends measurement of BMD
with dual energy x-ray absorptiometry in women who
have a T-score of −1.0 or lower based on a peripheral
densitometry measurement.24

There is now evidence that universal testing of
women aged 60 and older is associated with a reduced
rate of fractures.25,26 LaCroix and colleagues random-
ized more than 9000 women aged 60 to 80 years who
were not taking hormone therapy or other osteoporo-
sis medications to one of three groups: universal test-
ing (n = 1986), testing based on results of the SCORE
(n = 1940), and testing based on results of a 17-item

TABLE 4-2 DISEASES ASSOCIATED 
WITH SECONDARY OSTEOPOROSIS

Endocrine diseases
Hypogonadism
Hyperparathyroidism
Hyperthyroidism
Hypercortisolism
Hyperprolactinemia
Diabetes mellitus, type I
Gastrointestinal diseases
Inflammatory bowel disease
Malabsorption syndromes
Celiac disease
Chronic liver disease
Gastric bypass operations
Other chronic diseases
Chronic rheumatic disorders
Rheumatoid arthritis
Ankylosing spondylitis
Chronic obstructive pulmonary disease
Renal disorders
Renal tubular acidosis
Idiopathic hypercalciuria
Malignancy
Multiple myeloma
Metastatic disease
Infiltrative disorders
Systemic mastocytosis
Hereditary disorders of connective tissue
Osteogenesis imperfecta
Organ transplantation
Dietary disorders
Vitamin D deficiency and insufficiency
Calcium deficiency
Excessive alcohol intake
Anorexia nervosa
Total parenteral nutrition

TABLE 4-3 DRUGS ASSOCIATED 
WITH SECONDARY OSTEOPOROSIS

Glucocorticoids
Anticonvulsants
Excessive thyroid hormone replacement
Immunosuppressive agents
Heparin
GnRH antagonists
Depo-Provera
Drugs used to treat breast cancer
Tamoxifen (premenopausal women)
Aromatase inhibitors (postmenopausal women)
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Figure 4-1. The Osteoporosis Self-assessment Tool index tables for women and men. A, The Osteoporosis Self-assessment Table
for Women. (See Color Plates.)

*Based on Osteoporosis Self-assessment tool (OST) formula:
OST index = (Weight in kg–age in years) multiply by 0.2 and truncate to integer

Weight (pounds)

A
ge

 (
ye

ar
s)

A

OSTEOPOROSIS SELF-ASSESSMENT TABLE FOR WOMEN*

30

33

36

39

41

44

47

50

53

56

59

61

64

67

70

73

76

79

81

84

87

90

93

96

99

90

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

–4

–5

–5

–6

–7

–7

–8

–8

–9

–9

–10

–11

–11

100

3

2

1

1

0

0

0

0

–1

–2

–2

–3

–3

–4

–4

–5

–6

–6

–7

–7

–8

–8

–9

–10

–10

110

3

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

–4

–4

–5

–5

–6

–6

–7

–8

–8

–9

–9

120

4

4

3

3

2

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

–4

–5

–5

–6

–7

–7

–8

–8

130

5

5

4

3

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

–4

–4

–5

–5

–6

–6

–7

–8

140

6

6

5

4

4

3

3

2

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

–4

–5

–5

–6

–7

150

7

7

6

5

5

4

4

3

3

2

1

1

0

0

0

0

–1

–2

–2

–3

–3

–4

–4

–5

–6

160

8

7

7

6

6

5

5

4

3

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

–4

–4

–5

170

9

8

8

7

7

6

6

5

4

4

3

3

2

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

180

10

9

9

8

8

7

6

6

5

5

4

4

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

190

11

10

10

9

9

8

7

7

6

6

5

5

4

3

3

2

2

1

1

0

0

0

–1

–1

–2
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12

11

10

10

9

9

8

8

7

6

6

5

5

4

4

3

2

2

1

1

0

0

0

–1

–1

210

13

12

11

11

10

10

9

9

8

7

7

6

6

5

5

4

3

3

2

2

1

1

0

0

0

220

13

13

12

12

11

11

10

9

9

8

8

7

7

6

5

5

4

4

3

3

2

1

1

0

0

230

14

14

13

13

12

12

11

10

10

9

9

8

8

7

6

6

5

5

4

4

3

2

2

1

1

240

15

15

14

13

13

12

12

11

11

10

9

9

8

8

7

7

6

5

5

4

4

3

3

2

1

250

16

16

15

14

14

13

13

12

12

11

10

10

9

9

8

8

7

6

6

5

5

4

4

3

2

260

17

16

16

15

15

14

14

13

12

12

11

11

10

10

9

8

8

7

7

6

6

5

4

4

3

270

18

17

17

16

16

15

15

14

13

13

12

12

11

11

10

9

9

8

8

7

7

6

5

5

4

High risk
–4 or less

Moderate risk
–3 to 1

Low risk
2 or greater

Continued
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*Based on Osteoporosis Self-assessment tool (OST) formula:
OST index = (Weight in kg–age in years) multiply by 0.2 and truncate to integer

Weight (pounds)

A
ge

 (
ye

ar
s)

B

OSTEOPOROSIS SELF-ASSESSMENT TABLE FOR MEN*

30

33

36

39

41

44

47

50

53

56

59

61

64

67

70

73

76

79

81

84

87

90

93

96

99

90

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

–4

–5

–5

–6

–7

–7

–8

–8

–9

–9

–10

–11

–11

100

3

2

1

1

0

0

0

0

–1

–2

–2

–3

–3

–4

–4

–5

–6

–6

–7

–7

–8

–8

–9

–10

–10

110

3

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

–4

–4

–5

–5

–6

–6

–7

–8

–8

–9

–9

120

4

4

3

3

2

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

–4

–5

–5

–6

–7

–7

–8

–8

130

5

5

4

3

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

–4

–4

–5

–5

–6

–6

–7

–8

140

6

6

5

4

4

3

3

2

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

–4

–5

–5

–6

–7

150

7

7

6

5

5

4

4

3

3

2

1

1

0

0

0

0

–1

–2

–2

–3

–3

–4

–4

–5

–6

160

8

7

7

6

6

5

5

4

3

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

–4

–4

–5

170

9

8

8

7

7

6

6

5

4

4

3

3

2

2

1

0

0

0

0

–1

–1

–2

–3

–3

–4

180

10

9

9

8

8

7

6

6

5

5

4

4

3

2

2

1

1

0

0

0

–1

–1

–2

–2

–3

190

11

10

10

9

9

8

7

7

6

6

5

5

4

3

3

2

2

1

1

0

0

0

–1

–1

–2

200

12

11

10

10

9

9

8

8

7

6

6

5

5

4

4

3

2

2

1

1

0

0

0

–1

–1

210

13

12

11

11

10

10

9

9

8

7

7

6

6

5

5

4

3

3

2

2

1

1

0

0

0

220

13

13

12

12

11

11

10

9

9

8

8

7

7

6

5

5

4

4

3

3

2

1

1

0

0

230

14

14

13

13

12

12

11

10

10

9

9

8

8

7

6

6

5

5

4

4

3

2

2

1

1

240

15

15

14

13

13

12

12

11

11

10

9

9

8

8

7

7

6

5

5

4

4

3

3

2

1

250

16

16

15

14

14

13

13

12

12

11

10

10

9

9

8

8

7

6

6

5

5

4

4

3

2

260

17

16

16

15

15

14

14

13

12

12

11

11

10

10

9

8

8

7

7

6

6

5

4

4

3
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18

17

17

16

16

15

15

14

13

13

12

12

11

11

10

9

9

8

8

7

7

6

5

5

4

High risk
–2 or less

Moderate risk
–1 to 3

Low risk
4 or greater

Figure 4-1. B, The Osteoporosis Self-assessment Table for Men. (See Color Plates.)
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questionnaire adapted from known risk factors for hip
fracture (n = 5342).25 BMD measurements were per-
formed in 415, 425, and 150 women in each of the
groups, respectively. During a mean follow-up period
of 33 months, the rate of osteoporotic fractures was
74.11, 99.44, and 91.77 per 1000 woman-years, respec-
tively (P < .05 comparing the other two groups with
the universal screening group). The rate of hip frac-
tures was also lower in the universal screening group,
but differences were not statistically significant (8.54,
9.04, and 13.31 per 1000 woman-years, respectively).
These results were extended by an analysis of data from
the Cardiovascular Health Study.26 In this population-
based observational cohort study, 1378 eligible partic-
ipants enrolled in the Sacramento County (California)
and Allegheny County (Pennsylvania) sites completed
measurement of BMD at the hip whereas 1685 partici-
pants enrolled in the Washington County (Maryland)
and Forsyth County (North Carolina) sites received
usual care; mean age was 76 years, the majority of sub-
jects were women, and more than 80% were white. The
incidence of hip fractures over a mean of 4.9 years of
follow-up was 8.2 and 4.8 per 1000 person-years in the
usual care and screened group, respectively (multiple
variable adjusted relative hazard = 0.64; 95% confi-
dence interval, 0.41-0.99). There was no evidence of a
statistical interaction between screening and sex, age
group, or race; however, there were only four hip
fractures among the 532 black participants. Hence,
these two studies support the recommendations for
universal BMD testing summarized earlier.

WHO SHOULD BE TREATED TO REDUCE
FRACTURE RISK?

Lewiecki identified three unique guidelines that
address treatment: the AACE, NAMS, and NOF.12 All
three are focused on treating postmenopausal women.
The AACE and NAMS guidelines recommend treating
women with a T-score derived from BMD testing at
a central site of −2.5 or below, whereas the NOF guide-
lines recommend treatment at a T-score cutpoint of

–2.0 or lower. All guidelines modify the T-score cut-
point in the presence of other risk factors for fracture,
including a prior history of a low-trauma symptomatic
fracture or prior radiographic vertebral fracture.
Hence, the NOF recommends treatment at a T-score
cutpoint of −1.5 or lower in the presence of one or
more risk factors, including a prior clinical fracture or
radiographic vertebral fracture.

Solomon and colleagues27 also performed a system-
atic review of the English-language literature using
MEDLINE and HealthStar for the period between
January 1992 and December 2003 to identify osteo-
porosis treatment guidelines. They identified 18
unique guidelines; 17 provided recommendations
for postmenopausal women and 13 provided recom-
mendations for men.26 The majority of guidelines
that included treatment recommendations for post-
menopausal women also suggested that treatment
should be provided to patients with BMD T-scores
higher than −2.5 if other risk factors for fracture were
present. Delmas and colleagues,28 in outlining the posi-
tion of the International Osteoporosis Foundation,
concluded that treatment of postmenopausal women
with established osteoporosis is always cost-effective
and that additional scenarios exist in which treatment
is cost-effective. These additional scenarios depend
upon the crossing of an “intervention threshold,”
where the future morbidity from osteoporotic frac-
tures, largely derived from the risk and costs of hip
fracture, exceeds the costs of interventions that have
been shown to reduce the risk of these fractures, largely
bisphosphonates.29 Additional risk factors, over and
above BMD, that contribute to the estimate of this risk
include age, sex, prior history of fragility fracture,
parental history of hip fracture, current smoking, use
of systemic glucocorticoids, excess alcohol intake, and
presence of rheumatoid arthritis.29 Algorithms are
currently being developed to allow calculation of
person-specific risk that can then be applied on a
country-specific basis to determine whether treatment
is warranted. The impact of this policy will become
apparent over the next decade.
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THE FEATURES OF OSTEOPOROSIS

Osteoporosis literally means “holes in bones.” Tunnels
created by bone resorption but not refilled with new
bone characteristically occur in cortical bone, whereas
in trabecular bone there is thinning of the bony plates
so that they eventually perforate.

These changes occur progressively and are present in
almost everyone in later decades of life. Fractures are the
clinical endpoint of this loss of bone. The relationship
between the decline in bone mass and the occurrence of
fractures in osteoporosis is therefore analogous to the
relationships that exist between risk factors and other
diseases, such as elevated serum cholesterol and myocar-
dial infarction, and hypertension and stroke. In fact, the

relationship between bone mass, measured as bone
mineral density (BMD), and fractures is the strongest of
these three examples.

There are therefore problems in defining osteoporo-
sis in a precise manner. A definition that relies solely on
the presence of fracture impedes the clinical identifica-
tion of individuals at high risk whose bones have not yet
fractured. Conversely, a definition based on bone mass
will include individuals who never experience fractures
and exclude patients who sustain fractures despite
having a bone mass above the defined threshold.

The single most important advance that has allowed
the spectacular progress in this field over the past
decade has been the development of reproducible and
accurate methods of measuring bone mass by nonin-
vasive techniques. The technical advances in bone den-
sitometry based in particular on dual energy x-ray
absorptiometry were key to this.

In 1994, the World Health Organization produced
a definition of osteoporosis based on low BMD.
Osteoporosis was defined by a BMD of 2.5 SD or more
below the mean for young adults (i.e., a T-score of less
than −2.5). Severe osteoporosis was defined by a T-score
of less than −2.5 plus one or more fracture. Individuals
with T-scores between −1.0 and −2.5 were defined as
having osteopenia. These definitions are important
because they have, perhaps unintentionally, become
related to thresholds for therapeutic intervention,
since entry to drug trials is usually based on these
values. They are also important in discussions of
pathogenesis, in which causative associations are iden-
tified from epidemiological studies based on T-score
definitions of osteoporosis.

It is increasingly appreciated that better predictors of
fracture risk than BMD alone are needed. BMD is only
one of several factors that predict fractures. Moreover,
changes in BMD only partially account for responses
to treatment. The definition of osteoporosis and risk of
fracture needs to evolve to include not only the tradi-
tional measures of bone quantity, such as mass, but
also measures of bone quality, which contributes to
bone strength.

The most recent definition of osteoporosis issued
by a Consensus Development Conference5 sponsored
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Pathogenesis of Osteoporosis
Graham Russell

SUMMARY

The pathogenesis of osteoporosis reflects the
complex interplay among genetic, metabolic, and
environmental factors that determine

■ bone growth
■ peak bone mass
■ calcium homeostasis
■ bone loss

These factors are influenced by

■ aging
■ physical inactivity
■ sex hormone deficiency
■ nutritional status

Osteoporosis is the most common clinical disorder
of bone metabolism. Its pathophysiological basis
includes a genetic predisposition to low peak bone
mass and subtle alterations in bone remodeling due
to changes in systemic and local hormones, coupled
with environmental influences.

The remarkable advances in the study of
osteoporosis and its treatment have occurred mainly
since the early 1990s. The published literature is vast,
and this chapter can only deal with highlights.
Readers are referred to recent reviews for further
information.1-4

PATHOGENETIC MECHANISMS

5



by the National Institutes of Health now refers to
decreased bone strength instead of just low BMD and
is worded as follows: “Osteoporosis is a skeletal disor-
der characterized by compromised bone strength pre-
disposing a person to an increased risk of fracture.”

The Pathogenesis of Fracture: Bone
Fragility and Falls
Fractures occur when bones are too fragile to resist rel-
atively minor degrees of trauma that should not nor-
mally result in fracture. The conventional definition of
osteoporotic fracture in terms of being “nontrau-
matic” poses problems of defining the degree of
trauma. Practically, the occurrence of any fracture in
an elderly person is often considered to be osteo-
porotic, especially if it was related to a fall from no
more than a standing height, or if there was little or no
recognized trauma.

Although not the focus of this chapter, one must
remember that an increased susceptibility to falls con-
tributes to an increased risk of fracture, and reducing
falls might be expected to reduce fractures in the eld-
erly.6 The wearing of hip-protecting devices has been
shown to reduce rates of fracture in controlled trials.7

Usually, osteoporotic fractures heal quite normally,
unlike fractures associated with other pathological
conditions such as bone metastases.

THE PATHOGENESIS OF OSTEOPOROSIS
AND FRACTURES

The pathogenesis of osteoporosis involves many differ-
ent factors. It results from a complex interaction
among genetic, hormonal, and environmental influ-
ences. Factors that contribute to osteoporosis and frac-
tures that have been identified from epidemiological8

and other studies are listed in Table 5-1.
It is helpful to define the contributory processes at

multiple biological levels as well as in terms of known
risk factors, and to identify their functional inter-rela-
tionships. The biological levels include molecular, bio-
chemical, and cellular changes. Effects of these changes
are on bone as a tissue and on the altered physiology of
mineral metabolism in osteoporosis.

Bone Growth and Development: 
Modeling and Remodeling
A consideration of the normal process of bone model-
ing and remodeling is fundamental to the understand-
ing of the pathogenesis of osteoporosis. During
growth, the skeleton enlarges in size. In long bones this
is achieved by the epiphysial growth plates, which pro-
duce increases in length, whereas increases in diameter
result from deposition of new bone on the periosteal

surfaces, accompanied by resorption from the
endosteal surfaces.

During development and growth, bone is produced
by two main processes, intramembranous ossification,
as occurs in skull bones, and endochondral ossification
involving the growth plate, as occurs in limb bones.
Modeling is the process that results in bones achieving
their characteristic shape and overall structure.

Bone is metabolically active throughout life. Growth in
utero can influence bone mass in later life.9 After skeletal
growth is complete, remodeling of both cortical and tra-
becular bone continues. The remodeling of both cortical
and trabecular bone requires the sequential and coordi-
nated actions of osteoclasts to remove bone and
osteoblasts to replace it (Figure 5-1). These processes can
be monitored by histological means. Cortical bone is
replaced at a lower rate (approximately 2% per annum)
than trabecular bone (approximately 10% per annum).

The purpose of remodeling is to allow the bone to
adapt to changes in distribution of mechanical forces
and to repair microdamage, which can occur in
response to repeated loading.10 The amount of bone
made under normal conditions corresponds very
closely to the amount removed, so that, in any remod-
eling cycle within bone, the total amount of bone tends
to remain constant.

Bone loss in osteoporosis results from an imbalance
between the two components of the bone renewal
process, bone resorption and bone formation.11 This is
the fundamental basis of osteoporosis. Specifically, the
numbers of sites of bone remodeling increase, and the
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TABLE 5-1 FACTORS ASSOCIATED WITH 
OSTEOPOROSIS (LOW BONE MINERAL DENSITY) 

IN EPIDEMIOLOGICAL STUDIES

Sex (women > men)
Age
Ethnicity (especially white and Asian)
Low body weight and body mass index
High bone turnover
Maternal history of fracture
Sex hormone deficiency (especially estrogen)
Early menopause, ovariectomy, amenorrhea
Previous low-trauma fracture
Physical inactivity
Drugs, especially glucocorticosteroids, anticonvulsants
Endocrine disorders (hyperthyroidism)
Neoplastic disorders (multiple myeloma)
Gastrointestinal disease (e.g., celiac disease)
Rheumatoid arthritis, ankylosing spondylitis
Vitamin D deficiency
Cigarette smoking
Excessive alcohol consumption

From Hochberg et al, Rheumatology, 3rd ed, 2003.



extent of resorption may be greater and the amount of
bone replaced smaller (Figure 5-2).12

In cortical bone, incomplete replacement of osteons
creates tunnels, which may coalesce to create points of
weakness.13

Peak Bone Mineral Mass and Bone Loss
in Later Life
Peak bone mass is defined as the amount of bone that
can be accumulated by early to middle adult life, when
it is greater than at other times of life.

Peak bone mass is determined by many factors, only
some of which are alterable. Inherited factors are 
probably the most important and may set the potential
upper limit. A wide variety of lifestyle, nutritional,
environmental, and medical factors modify this
genetic potential.

Bone mass at any time in later life is the net sum of
this peak achieved in earlier life and subsequent loss,
particularly after the menopause in women (Figure 5-3).

Postmenopausal bone loss is the single most impor-
tant cause of bone loss. The rate of loss is greatest early
after menopause. Age-related bone loss starts before

menopause and continues from 30 to 50 years of age
onward in both men and women. Loss from different
bone sites occurs at different ages and at different
rates.

Changes in Bone Mass and Effects 
of Age on Fracture Risk
Bone mass declines with age and this is a major con-
tributor to the susceptibility to fracture. The relation-
ship between BMD and fracture is such that fracture
rates approximately double for every standard devia-
tion reduction in BMD.

Changes in bone mass are measured as decreases in
BMD (see Chapter 8). Although this is very useful in
clinical practice, BMD is calculated in two dimensions,
so that the important effects on strength of bone size
and dimensions are not assessed. Age itself is a very
important risk factor for osteoporotic fractures that is
independent of but obviously closely related to low
BMD (Figure 5-4).14

Age may also be a surrogate measure for falls. In
common with other structures, the tissues of the mus-
culoskeletal system undergo many changes with aging.

Th
e Path

o
g

en
esis o

f O
steo

p
o

ro
sis an

d
 Fractu

res

35

BONE REMODELING

Quiescence
(lining cell)

Resorption
(osteoclasts)

Resorption
cavity

New bone packet
(plus lining cells)

Formation
(osteoblasts)

Figure 5-1. Bone remodeling. The
remodeling cycle within bone involves
a similar sequence of cellular activity at
both cortical and trabecular sites.
Trabecular surfaces are shown here. An
initial phase of osteoclastic resorption
is followed by a more prolonged phase
of bone formation mediated by
osteoblasts. Under normal conditions,
the amount of bone removed during
resorption is replaced completely.
(From Hochberg et al, Rheumatology,
3rd ed, 2003.) (See Color Plates.)

REMODELING IN TRABECULAR BONE
RESORPTION PHASE

Resorption cavities
in normal bone

Resorption cavities are
more frequent and
possibly deeper in
osteoporotic bone.
Perforations occura

Normal
Resorption cavities
completely replaced
by new bone

Osteoporosis
Resorption cavities are
incompletely replaced
by new bone

REMODELING IN TRABECULAR BONE
FORMATION PHASE

b

Figure 5-2. Remodeling in trabecular bone. These figures show remodeling under normal conditions and in osteoporosis.
A, Resorption phase. B, Formation phase. There may be subtle differences between the sexes, with bone thinning predominating in
men because of reduced bone formation. Loss of connectivity and complete trabeculae predominates in women. (From Hochberg
et al, Rheumatology, 3rd ed, 2003.) (See Color Plates.)



In addition to the changes in bone that lead to osteo-
porosis and fractures, muscle changes (sarcopenia)
contribute to frailty.

THE CELLULAR BASIS OF OSTEOPOROSIS

Osteoblasts15 within trabecular bone differentiate from
stromal cell precursors in bone marrow and manufac-
ture a complex extracellular matrix, which subse-
quently mineralizes. The older concept that the bone
matrix is entirely normal in osteoporosis is undergoing
revision as knowledge increases. For example, there
may be subtle but significant changes in the type I col-
lagen matrix due to the Sp1 polymorphism (see
below), and also in cross-linking within collagen.

Many growth factors affect bone formation. These
include insulin-like growth factors, fibroblast growth
factors, and especially members of the transforming

growth factor beta family, particularly the bone mor-
phogenetic proteins. Many of these factors are pro-
duced by bone cells themselves and can be deposited in
bone matrix. Changes in the production and action of
these many regulatory factors are clearly potentially
important in the pathogenesis of osteoporosis, but
detailed knowledge is very limited at present.

Osteoclasts are the major cells involved in bone
resorption.16 Osteoclasts differentiate from hematopoi-
etic stem cell precursors under the direction of factors
that include cytokines such as the RANK/RANK-ligand
system, colony-stimulating factors (especially macro-
phage colony-stimulating factor), interleukins (e.g., 
IL-1, IL-11) and other factors. Prostaglandins and nitric
oxide are other endogenous mediators that have com-
plex effects on osteoclast function.

Bone loss is a feature of several inflammatory dis-
eases. This loss may be systemic, leading to fractures, as
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CHANGES THROUGHOUT LIFE THAT MAY CONTRIBUTE TO
OSTEOPOROSIS AND FRACTURES

0 10 20 30 40 50 60 70 80
Years

Bone
mass

Fetal and
neonatal factors

Inadequate
peak bone mass Aging effects

Men

Women

Low bone mass

Nutritional and life style factors

Menopause and
lack of estrogen

Genetic
factors

Increased
bone loss

Pathogenesis
of fracture
syndromes
may differ

Effects during
growth

Figure 5-3. Changes throughout life
that may contribute to osteoporosis
and fractures. (From Hochberg et al,
Rheumatology, 3rd ed, 2003.) (See
Color Plates.)

EFFECT OF AGE ON FRACTURE RISK
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Figure 5-4. Effect of age on fracture
risk. Fracture risk increases with age,
independent of bone density, and
also increases with declining bone
density irrespective of age. (Adapted
with permission from Hui et al.14;
from Hochberg et al, Rheumatology,
3rd ed, 2003.) (See Color Plates.)



in rheumatoid arthritis, whereas local erosive lesions
occur in bone in osteomyelitis, rheumatoid arthritis,
and periodontal disease. The pathogenic mechanisms
probably involve proinflammatory cytokines such as
IL-1, tumor necrosis factor, and IL-6, and aberrant
expression of RANK-ligand.

Apoptosis (programmed cell death) is emerging as a
major means of regulating the lifespan of bone cells of
all lineages, osteoclasts, osteoblasts, and osteocytes.17

This may contribute to changes in bone turnover
under physiological and pathological conditions.
Drugs with adverse effects on bone such as glucocorti-
coids induce osteoblast and osteocyte apoptosis,
whereas therapeutic agents that inhibit bone resorp-
tion, including estrogens and bisphosphonates,
shorten the lifespan of osteoclasts. Increased apoptosis
of osteocytes is a feature seen in fractures of the
femoral neck in patients with osteonecrosis.

Rates of Bone Turnover and Bone Loss
There is increasing use of biochemical measurements to
assess and monitor rates of bone resorption and forma-
tion. High rates of bone turnover predict fractures inde-
pendently of other factors such as BMD. Evidence exists
that rates of bone loss vary, and that patients defined as
“fast” losers based on biochemical measurements do
lose more bone mass than “slow” losers. Responses to
treatment may be greater in those with high turnover.18

THE PHYSIOLOGICAL BASIS
OF OSTEOPOROSIS

Physiological Regulation of Calcium
Metabolism
The physiological regulation of calcium homeostasis
involves three main organs: the gut, the kidney, and
the skeleton. The fluxes of calcium and phosphate
through these organs contribute to the integration of
calcium metabolism throughout growth and adult life.

The physiological control of calcium metabolism
and of skeletal remodeling is under the regulation of
systemic hormones, especially the calcium-regulating
hormones, parathyroid hormone, 1,25-dihydroxy vita-
min D (calcitriol), and calcitonin, acting in concert
with other hormones and local mediators. Many hor-
mones, including thyroid and pituitary hormones and
adrenal and gonadal steroids, have major effects on the
skeleton, as seen in clinical disorders in which their
secretion is abnormally high or low.

The setpoint for plasma calcium concentrations is
determined mainly by the renal tubular reabsorption
of calcium and the effects of parathyroid hormone on
this process.

Intestinal absorption of calcium is enhanced by
calcitriol, but the efficiency of absorption may be

diminished with age. Production of calcitriol may be
impaired, particularly if renal function is reduced.
Parathyroid hormone values increase with age, possi-
bly in response to impaired intestinal absorption of
calcium, and this may contribute to bone loss.

Interestingly, the challenges of pregnancy and lacta-
tion seem to have no lasting adverse effects on bone.
Examples of osteoporosis associated with pregnancy
are exceedingly rare.

In women, the loss of estrogen at menopause is the
major change leading to loss of bone, but many other
factors contribute, and there is a strong interplay
between genetic and environmental influences.

The Role of Estrogen Deficiency
The effects of estrogen on bone are of particular inter-
est in relation to the loss of bone after menopause in
women and the therapeutic use of estrogen to prevent
this loss. Estrogen receptors (α and β isoforms) are
widely distributed in the body, and there are many
ways that estrogens can exert their effects on their var-
ious target tissues. Some effects of estrogens are medi-
ated by nongenomic means.

The bone loss associated with estrogen deficiency is
accompanied by increased bone resorption. Part of this
may be due to loss of direct effects on osteoclasts and
their precursors, but indirect actions on the immune sys-
tem may also be involved. The production of cytokines
such as IL-1, tumor necrosis factor alpha, and IL-6, all of
which can potentially enhance bone resorption, can be
suppressed by physiological doses of estrogen.19

It is also possible that estrogens have significant ana-
bolic effects on bone by stimulating osteoblasts or their
precursors.

The pathogenesis of osteoporosis in men is less well
studied than in women but is clinically important, with
secondary causes such as hypogonadism being com-
mon. It is now believed that estrogens derived by
metabolism from androgens play an important role in
protecting against bone loss in men.20,21

THE GENETIC BASIS OF OSTEOPOROSIS

The many genetic factors that regulate skeletal devel-
opment and function are rapidly being identified, and
recent examples include the CBFA1 gene for osteoblast
differentiation and the RANK/RANK-ligand system
for osteoclasts.

Osteoporosis is common, and there are strong
genetic contributors to skeletal size and composition.
Comparisons of identical and nonidentical twins have
led to estimates that more than 50% of peak bone mass
is determined by genetic factors.

Overall, physique affects susceptibility to osteoporo-
sis and may underlie racial differences in prevalence.
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Hip fractures typically occur in the thin and frail rather
than the fat and robust, and low body weight is a risk
factor. Hip axis length is a quantifiable geometric
measure related to fracture risk.

Rarely, osteoporosis or unusually high bone mass
can occur as the result of mutations in a single gene.
Thus, inactivating mutations in the lipoprotein recep-
tor-related protein 5 gene are the cause of the osteo-
porosis-pseudoglioma syndrome, whereas the high
bone mass syndrome is caused by activating muta-
tions of the same gene.22 In the various forms of osteo-
genesis imperfecta (brittle bone disease), defects in the
synthesis or structure of type I collagen occur because
of a range of different mutations in type I collagen
genes.

In the more common forms of osteoporosis, genetic
factors play an important role in regulating skeletal size
and geometry, BMD, ultrasonographic properties of
bone, and bone turnover, as well as contributing to the
pathogenesis of osteoporotic fracture.23 These pheno-
types are determined by the combined effects of several
genes and environmental influences. Genome-wide
linkage studies in humans have identified loci on chro-
mosomes 1p36, 1q21, 2p21, 5q33-35, 6p11-12, and
11q12-13 that show definite or probable linkage to
BMD, but so far the causative genes remain to be iden-
tified. Linkage studies in mice have similarly identified
several loci that regulate BMD.

Most research has so far been done on candidate
genes. Among the best studied are the vitamin D recep-
tor and the collagen type I a1 gene. Polymorphisms of
vitamin D receptor have been associated with bone
mass in several studies, and there is evidence to suggest
that this association may be modified by dietary cal-
cium and vitamin D intake. A functional polymor-
phism affecting an Sp1 binding site has been identified
in the collagen type I a1 gene that predicts osteoporotic
fractures independently of bone mass by influencing
collagen gene regulation and bone quality.24 An impor-
tant problem with most candidate gene studies is small
sample size, and this has led to inconsistent results in
different populations. This is also complicated by the
multiple clinical endpoints (e.g., BMD, fracture, rates
of bone loss) to which genetic factors may contribute in
different ways.

There is evidence that genetic variants in various
hormones and cytokines and their receptors that are
involved in bone remodeling may also contribute to
the development of osteoporosis.

NUTRITIONAL FACTORS AND
OSTEOPOROSIS

Dietary calcium is obviously a potentially important fac-
tor in osteoporosis. Calcium restriction in experimental

animals results in osteopenia. In humans, calcium defi-
ciency in childhood leads to rickets. Although low cal-
cium intake might be expected to be associated with
osteoporosis, the nature of the relationship between cal-
cium intake and osteoporosis remains controversial.

Results from calcium balance studies suggest that
premenopausal women require calcium intakes in
excess of about 800 mg per day to avoid net bone loss,
whereas postmenopausal women may require as much
as 1500 mg per day, perhaps less if they are receiving
sex hormone replacement therapy.

Calcium supplementation in many trials in patients
with osteoporosis results in gains in bone mass, but to
a lesser extent than can be achieved when antiresorp-
tive drugs are given as well.

Dietary calcium intake during growth may play a
role in the development and maintenance of peak
BMD. It is likely that various other environmental and
lifestyle factors, particularly exercise, modulate this
effect. Calcium supplementation in growing children
produces small increases in BMD, which tend not to be
maintained and may represent increased mineraliza-
tion of existing osteons rather than true and sustained
increases in bone mass.

Poor nutrition in pregnancy can affect bone in post-
natal life, since low birth weight is associated with low
bone mass in later life.

Calcium is not the only component of diet that can
affect bone; magnesium also may be important.
Vitamin D is vital for optimal absorption of calcium
from the diet. In many countries, vitamin D is added
to foods; otherwise, adequate skin exposure to ultravi-
olet light is necessary to maintain vitamin D levels from
endogenous synthesis.

There is little evidence that micronutrients such as
zinc, copper, and boron have major effects on bone
health. Some diets, particularly those rich in soy protein,
can provide significant sources of estrogens. Excessive
salt and caffeine intake may have adverse effects on bone,
perhaps by increasing urinary calcium excretion directly
and thus contributing to a negative calcium balance.
However, these effects are probably relatively minor.
Alcohol is another dietary component that may be quite
important, with adverse effects in excess but perhaps
beneficial effects at moderate levels of intake.

PHYSICAL ACTIVITY, MECHANICAL
LOADING, AND OSTEOPOROSIS

Mechanical forces exert strong influences on bone
shape and modeling. At a cellular level, the osteocytes,
which lie embedded within individual lacunae in min-
eralized bone, are believed to be the cellular system
that responds to mechanical deformation and loading.
Osteocytes connect with each other via the canalicular
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system and thus form a cellular network, much like a
neural network. Early biochemical responses to mechan-
ical loading may include induction of prostaglandin syn-
thesis, increased nitric oxide production and later
increases in IGFs, changes in amino acid transporters,
and eventually increases in new bone formation. There
may be a “mechanostat,” so far hypothetical only, that
senses and responds to loading. Estrogens may affect the
setpoint at which bone responds.25

Immobilization, for example after major injury and
illness, can be associated with rapid bone loss. If sus-
tained, as in patients with paraplegia or hemiplegia,
fractures can occur.

The excessive bone resorption associated with immo-
bility can also result in “immobilization hypercalcemia,”
particularly in the presence of renal impairment.

Bone loss associated with microgravity may be a lim-
iting factor for long-term space flight.

The positive effects of mechanical loading on bone
mass can be seen in weight lifters and other athletes.
Sometimes the increased bone density is localized to
the loaded side, for example in tennis players’ arms.

Physical inactivity correlates with low BMD and
fractures in epidemiological studies. However, the
potential beneficial effects of exercise programs may
only produce limited changes in bone mass and have
not yet been shown to reduce fractures.

DRUGS AND OSTEOPOROSIS

Several drugs have adverse effects on the skeleton and
thereby reduce bone mass and increase the risk of frac-
ture. Glucocorticoids are among the most important
of these and are an important cause of bone loss and
fractures.

Anticonvulsant drugs such as phenytoin and various
barbiturates have long been believed to modify vita-
min D metabolism, but their contribution to osteo-
porosis is probably not major. Heparin is another
agent that reduces bone mass.

Because deficiencies of estrogen and testosterone both
contribute to bone loss, drugs that reduce sex hormone
levels cause bone loss. Androgen deprivation therapy
with agonists of gonadotropin-releasing hormone is
now frequently used in the treatment of recurrent and
metastatic prostate cancer because it induces medical
castration, which renders these men hypogonadal.

This is becoming an important iatrogenic cause of
osteoporosis.

The use of tamoxifen appears to cause bone loss by
antagonizing estrogen in premenopausal women with
breast cancer, whereas it has a weak protective effect
against bone loss in postmenopausal women. Depot
medroxyprogesterone used as a contraceptive in pre-
menopausal women can result in bone loss.

Epidemiological studies show that tobacco smoking
is a risk factor for osteoporotic fracture. The mecha-
nisms are uncertain but may include direct adverse
effects on bone, induction of early menopause, changes
in acid-base status, and increased falling secondary to
cerebrovascular disease.

In contrast, several drugs may increase bone mass
and reduce fractures. Thiazide diuretics decrease uri-
nary calcium excretion and have been associated with
increased BMD and reduced hip fracture rates.

There has also been much recent interest in the
statins. These drugs are used to reduce cholesterol and
have been shown experimentally to induce BMP-2 and
increase bone mass in rats. A variety of epidemiologi-
cal studies suggest that statin users have lower rates of
hip fracture than nonusers, but it has proved difficult
to demonstrate large effects on bone mass and
turnover in prospective clinical trials.

Of course, those drugs actually used in the therapy of
osteoporosis increase bone mass. They include sex
hormone replacement therapy with estrogens, calci-
tonin, selective estrogen receptor modulators, and the
bisphosphonates, all of which reduce bone resorption
and decrease the rate of incident vertebral fractures.
Only estrogen and the nitrogen-containing bisphos-
phonates have been shown to reduce the risk of non-
vertebral fractures in postmenopausal women.
Anabolic agents, such as intermittent parathyroid hor-
mone given as a daily subcutaneous injection, increase
bone formation and reduce fracture risk.

CONCLUSION

Osteoporosis is clearly a multifactorial disorder, and
much has been learned in recent years about the many
pathogenic processes that contribute to bone loss and
fragility. Drug treatments are now available to prevent
bone loss and reduce fracture, and there are prospects for
modifying some of the pathogenic processes themselves.
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BIOMECHANICAL ROLES OF THE SKELETON

The skeleton serves several functions.1 Probably most
importantly, it provides a ready source of calcium ions
to maintain appropriate serum calcium levels and
facilitate proper muscle function. Bones also provide
acoustic amplification and impedance matching in the
middle ear. But in this chapter, we focus on the skele-
ton as a structure. There are at least two key biome-
chanical roles for bones. First, bones shield vital organs
from trauma. Many protective bones have a sandwich
structure, similar to corrugated cardboard, in which a
compliant core separates two stiff plates (Figure 6-1).
The porous spongy bone acts as a soft interface
between the two bony plates. In the skull, mechanical
energy resulting from blunt trauma concentrates
mainly in the spongy bone separating the bony plates.
Consequently, very little energy is transferred to the
innermost bony plate, and the cranial vault is pre-

served. In addition, bones serve as levers for muscles to
contract against (Figure 6-2). Muscles typically operate
at negative mechanical advantage (r/R<1). This
arrangement increases the range of motion over which
muscles can operate effectively, but it also increases the
muscle force needed to move a limb. Increased muscle
force translates to larger forces on the joints. To better
distribute joint forces, the ends of long bones are
broadened to reduce stress (load/area) and that stress
is carried by trabecular bone beneath the joint surface
to distribute the force into the long bone cortex.

BASIC BIOMECHANICS

A number of biomechanical parameters can be used to
characterize the integrity of bone. The key relation-
ship is between load applied to a structure and dis-
placement in response to the load-displacement curve
(Figure 6-3). The slope of the elastic region of the
load-displacement curve represents the extrinsic stiff-
ness or rigidity of the structure (S). Besides stiffness,
several other biomechanical properties can be derived,
including ultimate force (Fu), work to failure (area
under the load-displacement curve, U), and ultimate
displacement (du). Each of these measured parameters
reflects a different property of the bone: ultimate force
reflects the general integrity of the bone structure,
stiffness is closely related to the mineralization of the
bone, work to failure is the amount of energy neces-
sary to break the bone, and ultimate displacement is
inversely related to the brittleness of the bone. The
biomechanical status of bone may be poorly described
by just one of these properties. For instance, a bone
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Principles of Bone Biomechanics
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6

SUMMARY

This chapter covers the fundamentals of skeletal
biomechanics. We discuss practical issues concerning
the mechanical roles of the skeleton, basic
biomechanical concepts, and the ways aging and
drug treatments affect bone biomechanics in 
the first eight sections of the chapter. In addition, 
we have included a ninth section entitled
“Biomechanical Test Methods” that describes
protocols for measuring biomechanical properties of
bone. This section is intended for researchers who
wish to conduct biomechanical measurements.

Figure 6-1. Drawing of
sandwich bone of the skull.
(Reprinted from Bone
Formation [F. Bronner and 
M.C. Farach-Carson, eds.],
copyright 2004, with permission
from Springer-Verlag.)



from an osteoporotic patient will tend to be very stiff
but also very brittle, resulting in reduced work to fail-
ure and increased risk of fracture (Figure 6-4). On the
other hand, a bone from a young child will tend to be
poorly mineralized and weak but very ductile (large
ultimate displacement), resulting in increased work to
failure. Because of these properties, “greenstick” frac-
tures, in which the bone undergoes large deformation
but does not completely break, are sometimes
observed in children.

When load is converted to stress and deformation
converted to strain by engineering formulae, the rela-
tionship between stress and strain in bone follows a
curve called the stress-strain curve. The slope of the
stress-strain curve within the elastic region is called the
elastic or Young modulus (E). The Young modulus is a
measure of the intrinsic stiffness of the material. The
area under the stress-strain curve is a measure of the
amount of energy needed to cause material failure.
This property of a material is called energy absorption
or modulus of toughness or just toughness. The maxi-
mum stress and strain the bone can sustain are called
the ultimate strength and ultimate strain, respectively. It
should be noted that strength, as it is defined by the
stress-strain curve, is an intrinsic property of bone.
That is, these strength values are independent of the
size and shape of the bone. The force required to break
the bone is different from the intrinsic strength,
because ultimate load varies with bone size. It is
important to keep this distinction in mind, because
intrinsic strength and ultimate load can show different
trends in drug or genetic studies, especially if the drug
or gene affects the size of the bone. Strength measures
that are not presented in units of stress do not repre-
sent the intrinsic strength of the material but are influ-
enced by extrinsic factors such as specimen size and
shape.

The elastic strain region and the plastic strain region
of the stress-strain curve are separated by the yield point
(Figure 6-5). The yield point represents a gradual
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Fracture

U

S

F
or

ce

Displacement

du

Fu X

Figure 6-3. Load-displacement curve for bone
tissue. The slope of the linear region of the curve
represents the extrinsic stiffness or rigidity of the
structure (S); the height of the curve denotes
ultimate force (Fu); area under the curve is work to
failure (U); and total displacement to fracture is
ultimate displacement (du).



transition, above which stresses begin to cause perma-
nent damage to the bone structure. Post-yield strains
(i.e., strains beyond the yield point) represent perma-
nent deformations of bone structure caused by slip at
cement lines, trabecular microfracture, crack growth, or
combinations of these. The yield point is seldom well-
defined when testing bone specimens. Several methods
have been proposed to determine the yield point. For
instance, the yield point is often defined as the point
where the stress-strain curve begins to be nonlinear.2

Other techniques include offset methods in which a line

parallel with the linear portion of the stress-strain curve
and offset by 0.03% to 0.2% strain is constructed.3 The
point where this line intersects the stress-strain curve is
arbitrarily called the yield point.

THE IMPORTANCE OF BONE SIZE

The mechanical properties of bone tissue are similar
among mammals. For instance, the Young modulus of
rat femoral bone4 is similar to that of human femoral
bone.5 The major difference between rats and humans
is, of course, size. Likewise, the majority of the variation
in skeletal load carrying capacity is due to differences in
bone size. Bone fragility could be largely eradicated if
bones were massively overstructured. Large, dense
bones last a lifetime without developing osteoporosis. A
clinical example of skeletal overstructuring is the high
bone mass mutation in the LRP5 gene, which results in
bone mass that is about 5 standard deviations above
normal.6 Individuals with this mutation are effectively
osteoporosis-free. For most people, however, bones are
not designed for extreme longevity, as evidenced by the
incidence of age-related bone fractures.

Long bones are for the most part thick, walled
tubes. This geometry allows bones to carry loads
effectively but remain relatively light. To understand
the principle behind this, one must first consider that
long bones are loaded mainly in bending.7 The deflec-
tion of a beam in bending is given by ML28EI, where
M is the bending moment, L is length, E is the Young
modulus, and I is the second moment of area. For a
given value of M, beam deflection can be reduced by
shortening the beam (decrease L), stiffening the beam
material (increase E), or increasing I. The last option
applies best to bones. For a tubular bone, the second
moment of area I equals π/4 (ro

4 − ri
4, where ro is the

outer radius and ri is the inner radius (Figure 6-6).
For mammalian long bones, ro is about 1.8 times ri,
giving I = 0.71ro

4. If the marrow cavity were filled
completely, I would be 0.78ro

4. Therefore, the pres-
ence of a marrow cavity reduces the bending rigidity
of the bone by less than 10% but reduces its weight by
more than 15% (if we include the weight of the mar-
row). Flying animals increase the rigidity-to-weight
ratio further by increasing ri (relative to ro) and
removing the bone marrow. Most extraordinary
among such animals was the Pteranodon, in which 
the ratio of bone diameter to cortical thickness
exceeded 40.8

WHY BONES BREAK

Strength and stiffness are typically used to define the
“health” of a bone, but they are not as clearly related 
to risk of fracture as is the amount of energy required to
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Figure 6-4. Load-displacement curves for different bone
conditions. Osteoporotic bone is brittle and thus displays
reduced work to failure. On the other hand, a bone from a
young child is ductile with larger ultimate displacement,
resulting in increased work to failure.

Fracture

Post-yield
strain
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Figure 6-5. Stress-strain curve for bone. The slope of the curve
is called Young modulus (E). The height of the curve is the
ultimate strength. The yield point represents a transition above
which strains begin to cause permanent damage to the bone
structure. Post-yield strain is inversely proportional to the
brittleness of the bone.



cause fracture. Trauma transfers energy into the bone
and, if that energy exceeds what the bone can absorb,
the bone will break. A bone that is highly mineralized is
also stiff and brittle and will require much less energy to
fracture (the area under the curve) than a bone that is
more compliant. Bone mineral density (BMD) is highly
correlated with strength and stiffness, but there is an
inverse relationship between bone stiffness (or Young
modulus) and ultimate strain (Figure 6-7). Deer antler,
which is not highly mineralized, has a very high ulti-

mate strain (ductility) but low Young modulus. This
combination of properties makes an antler exceedingly
difficult to break.9 On the other hand, the tympanic
bulla of a fin whale has high mineral content and a high
Young modulus and is very brittle. The bulla is not as
strong as antler or bone due to its brittleness; however,
it is not designed for strength, but for acoustic proper-
ties. Like the middle ear ossicles, the bulla is highly min-
eralized to provide proper acoustic impedance. Long
bone tissue has intermediate mechanical properties.

Cracks forming in bone tissue provide a means by
which energy is released. Energy absorbed by the bone
during loading builds up and is released as damage
accumulates or when the bone fractures. Bone sub-
jected to high-energy trauma, such as a gunshot
wound, will form many cracks because energy accumu-
lates quickly and must be released. High-energy trauma
causes the bone to break into fragments. Lower energy
trauma causes simple fractures, without fragmentation
(Figure 6-8). Bone tissue is weakest in tension or shear
and strongest in compression; thus, cracks tend to
propagate along tension or shear planes within the
bone tissue. Shear planes run at 45-degree angles from
compressive stresses and because of this bending forces
can create “butterfly” fractures. Fracture lines follow
shear planes to create a fragment that resembles a but-
terfly wing. Likewise, a plane of maximum tension falls
45 degrees from the shear plane, so torsional (shear)
loads often cause spiral fractures that propagate along a
helical plane of maximum tension.

MATRIX COMPOSITION AND BONE
BIOMECHANICS

Bone tissue is a two-phase porous composite material
composed primarily of collagen and mineral, with
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Land mammals Birds

Second moment of area + π/4 (ro
4

 − r1
4)

Pteranodon

ri

ro

Figure 6-6. The resistance to bending stresses for a long bone
is represented by the second moment of area (I). Bones with
larger values of I but less bone mass are more structurally
efficient. The ratio of the diameter (D) to cortical thickness (t) is
a measure of structural efficiency. Land mammals have D/t
ratios of 4 to 5; for birds, D/t can be 10 or greater. The values
for D/t can exceed 40 in the ancient Pteranodon.8
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Figure 6-7. Biomechanical properties of
mineralized tissues (from Currey 1990). As
mineral volume fraction (x-axis) increases,
Young modulus (open circles) is improved
but ultimate strain (closed circles) decreases.
Deer antler is less stiff (lower Young modulus)
and less brittle (higher ultimate strain),
whereas the tympanic bulla from a fin whale
is very brittle and stiff. Bone tissue from a
young (1-year-old) cow is less stiff and brittle
than tissue taken from mature (9-year-old)
cows.



mechanical properties determined primarily by the
amounts, arrangement, and molecular structure of these
primary constituents. The mineral component confers
strength and stiffness to the tissue. The collagen phase is
tough and improves bone’s work to failure or toughness.

The ratio of mineral to collagen in bone affects both
bone strength and brittleness.10 Excessive mineral con-
tent, or a change in the stoichiometry or quality of the
mineral11 increases brittleness and is detrimental. The
maturity and perfection of the mineral crystal
undoubtedly have effect on biomechanical properties,
apart from the amount of mineral, but the specific
effect is unknown. Reports using infrared spectrome-
try12 suggest that larger crystals are present in bone
from older osteoporotic women and that increased
crystallinity itself, or changes in the morphology of the
mineral crystal, may decrease the amount of post-yield
deformation that occurs before ultimate failure.

Collagen has a small influence on the strength and
stiffness of bone but mostly improves bone tough-
ness.13,14 The most obvious clinical example of the
mechanical effects of a collagen defect is osteogenesis
imperfecta. Osteogenesis imperfecta is a family of her-
itable disorders that involve mutations in the type I
procollagen genes. People with osteogenesis imper-
fecta have a markedly increased risk of fracture and
often present with multiple fractures at a young age.
This is likely due to a combination of poor bone tissue
properties together with low bone volume and thin
long bone cortices. The poor tissue properties are the
result of abnormally thin collagen fibers, smaller than
normal mineral crystals, with greater extrafibrillar
deposition of mineral.15

Subtle genetic variation in collagen content and struc-
ture can also affect the mechanical properties of bone.
The COL1A1 gene polymorphism, which encodes the
α1(I) protein chain of type I collagen and alters the ratio
of the α-1 and α-2 chains is associated with a 5.9-fold
increase in fracture risk in postmenopausal women and

a 4.8-fold increase when prevalence is adjusted for age,
body mass index, and BMD.16,17 There is a stronger asso-
ciation between the COL1A1 Sp1 binding site polymor-
phism and osteoporotic fracture than between these and
BMD or body mass index at both the lumbar spine and
the femoral neck.18,19

The orientation of collagen fibers within the bone
matrix also affects strength. Linear regression analyses
have demonstrated that collagen fiber orientation
explains 71% of the variation in bone tensile
strength,20 whereas the combination of mineralization
and collagen fiber orientation explains up to 88% of
the variation in elastic modulus.21 The orientation of
collagen fibers tends to be tightly regulated by the
nature of the applied stress on bone.22,23 An orthogonal
alteration of collagen fibers in adjacent lamellae, or
multidirectional arrangement (“twisted plywood”),24

are well suited to resist multidirectional shear and
compressive stresses. It has been suggested that reori-
entation of collagen fibers can maintain strength even
in the face of losses in BMD.25

INFLUENCE OF AGE AND OSTEOPOROSIS ON
BIOMECHANICAL PROPERTIES

The strength of cortical bone declines 2% to 5% per
decade of life, and the amount of energy absorbed
prior to failure of cortical bone declines 7% to 12% per
decade.26 The decline in cancellous bone strength is
between 8% to 10% per decade.

As one ages, there is an inherent fragility in the bone
tissue that allows it to be damaged more easily from
cyclic loading.27,28 In addition, with age, bone is less
able to sustain further deformation once it is dam-
aged.29 Reasons for the inherent fragility and reduced
ductility are not known but could be related to higher
mineralization associated with the greater mean tissue
age of older bone, or to changes in collagen structure
and cross-linking. This decline in bone’s ability to
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Figure 6-8. Types of bone fractures. 
A low-energy impact causes a simple
fracture, whereas high-energy impact
causes a fragmented or comminuted
fracture. Bending tends to cause a
butterfly fracture with fracture planes
following maximum shear and tension
lines. Torsion causes a spiral fracture
with the fracture plane following a
maximum tension plane.



absorb energy is clinically important in making bones
in elderly people more prone to failure from any
impact load, such as one resulting from a fall.

Decreased fracture toughness in bones from older
people is indicative of a change in the quality of bone
tissue with age. Tough materials can sustain large
amounts of damage without failure. Bone that is highly
mineralized or has a high degree of collagen cross-link-
ing tends not to sustain much damage before failure
and is not very tough, typical of a more brittle struc-
ture. Reduced toughness may partly explain the obser-
vation that fracture risk in older people is greater than
predicted by the loss of bone mass alone.30,31

During the normal aging process, changes in the col-
lagen moiety affect the post-yield deformation of bone,
which can alter the manner in which cracks are initi-
ated and grow.32,33 Increases with age in nonenzymatic
collagen cross-links13 make the bone stiffer and reduce
post-yield deformation.34 This reduces the toughness
of the bone for both crack initiation and crack
growth.32 However, the greatest effect of nonenzymatic
cross-linking is to reduce the resistance to crack
growth, allowing cracks that are initiated to grow more
easily.31,32 Increased nonenzymatic cross-links can lead
to a brittle fracture of the tissue even without associ-
ated changes in the bone mineral.35 Changes in colla-
gen may be partly responsible for the changes in
toughness associated with aging.14,36

Changes to the collagen content or molecular stability
with age contribute to either enhance bone strength or
impair it. The age-related decline in collagen content is
associated nonlinearly with reductions in strength and
stiffness, although cause and effect have not been estab-
lished. In osteoporotic women, fewer reducible collagen
cross-links with no change in collagen concentration37

increases bone fragility.38 As pointed out earlier, natural
increases in nonenzymatic cross-links with age, indi-
cated by an increased concentration of pentosidine, will
reduce toughness, particularly for crack growth.32,33 The
increased lysine hydroxylation found in newly synthe-
sized bone matrix from osteoporotic paients is corre-
lated to decreased strength in three-point bending.39

Periosteal apposition of bone with age serves a biome-
chanically important function by compensating for
reduced tissue properties (or reduced bone volume) in
men (Figure 6-9), but this compensation is not sufficient
to offset the larger losses of bone that occur in modern
populations of women.40 Before menopause, women
lose bone at the rate of 4% per decade from the femoral
neck but maintain strength. Postmenopausally, however,
the increased rate of loss (7% per decade) is not com-
pensated for and results in estimated femoral neck
stresses that are 4% to 12% higher than in younger
women.41 Similar periosteal compensations have been
shown for the vertebral body in men but not in women.42

INFLUENCE OF MICRODAMAGE
ACCUMULATION ON BIOMECHANICAL
PROPERTIES

By definition, accumulation of microdamage in any
material reduces its elastic modulus. Stiffness loss
occurs before the microscopic appearance of
cracks,43,44 so that histologically visible microdamage
in bone presumes a loss of bone stiffness. Animal and
postmortem human studies show that microdamage
accumulation also reduces bone strength.45 Importantly,
microcrack accumulation has an effect on bone tough-
ness. A two- to threefold elevation of microdamage
accumulation in the vertebrae, produced as a conse-
quence of a suppression of remodeling, is associated
with a 20% to 40% reduction in bone toughness with-
out a reduction in strength.46,47

INFLUENCE OF DRUG THERAPIES ON
BIOMECHANICAL PROPERTIES OF BONE

Therapeutic bone active agents have specific effects on
bone architecture, matrix properties, mineralization,
microdamage accumulation, and bone turnover. The
effects on bone quality and fragility can be striking.
Examples include high-dose fluoride or etidronate
treatments, which impair bone mineralization and can
cause severe bone fragility.48,49

Other osteoporosis drugs have more subtle effects on
bone quality.50 Each of these drugs affects the mechan-
ical properties of the bone. Often, cortical and cancel-
lous bone compartments are affected differently.

Effects of Antiresorptive Agents
Antiresorptive therapies prevent bone loss by sup-
pressing bone turnover, which in turn increases the 
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Figure 6-9. Two idealized long bone cross-sections. The
section on the left represents a younger person’s bone. The
right section represents an older person’s bone after loss of
bone from the endocortical surface and subsequent periosteal
apposition. With age, the bone lost 100 units of area from the
endocortical surface and added 30 units on the periosteal
surface. Despite the net loss of bone in the left section, both
sections have equal resistance to bending.



tissue age of the bone because old bone is not as read-
ily replaced by new bone.51 Increased bone tissue age is
associated with increased mineral content, increased
mineral homogeneity, and increased microdamage
accumulation. Also, suppressed bone turnover may
decrease the porosity of cortical bone and the number
of resorption pits in trabeculae.

Bisphosphonate treatment increases tissue mineral-
ization above that found in osteopenic subjects,52-54

which makes the bone tissue stiffer and more brittle.
This increased mineralization might account for much
of the observed increase in BMD and reduced fracture
risk found with either alendronate or raloxifene.55

Reduced fracture risk even after long-term bisphospho-
nate therapy56 has been used as an argument against the
idea that the increased mineralization consequent to
treatment increases bone fragility. Although increased
mineralization can cause subtle increases in bone brit-
tleness, these changes appear not to be sufficient to
increase fracture rates.

One effect of remodeling suppression is that it
increases the homogeneity of the bone tissue as more of
the tissue becomes mineralized to the same degree.57,58

Because the effectiveness of bone in stopping cracks 
is positively proportional to the stiffness ratio across 
its internal interfaces, a homogeneous material will be
less effective in slowing or stopping cracks initiated in
the bone matrix. This would allow cracks to grow more
quickly to critical size and ultimately increase fracture
risk.

Reduced turnover by antiresorptive treatments may
reduce fracture risk more than expected, based on the
subsequent BMD increases, by preventing resorption-
based weakening of trabecular struts.59 Rapid turnover
accelerates osteoclastic resorption on trabecular sur-
faces that can reduce the resistance of trabecular struts
to failure by buckling.60 In addition, accelerated
resorption will increase the probability for perforation
and elimination of trabecular struts.61

Bisphosphonates alter three-dimensional trabecular
architecture, independent of the change in bone mineral
density, making the cancellous bone more platelike and
denser, with thicker and more numerous trabeculae
compared with that of untreated control subjects.62

Trabecular architecture becomes more isotropic with
bisphosphonate treatment, perhaps providing better
protection against fracture risk in falls that load the bone
in unusual directions. The combination of architectural
changes and reduced trabecular perforation may pro-
vide a rationale for the clinical observation that fracture
risk decreased by 50% to 60% in the first year of bis-
phosphonate therapy despite only a 5% increase in bone
mineral density.63

The impressive fracture risk reduction seen in the
first year of treatment with antiresorptive agents

appears to be most prominent at trabecular bone sites.
Antiresorptive agents have little effect on cortical bone
geometry. Consequently, increased strength of cortical
bone, if it occurs, must occur through increased tissue
mineralization or decreased cortical porosity, or both,
rather than through geometric changes.

Effects of Anabolic Agents
The current paradigm for anabolic therapy is intermit-
tent treatment with parathyroid hormone (PTH) or a
fragment of this peptide PTH (1-34). The PTH frag-
ment increases bone formation substantially but also
accelerates bone turnover. As a consequence, PTH
decreases the mean tissue age of bone,64 which
decreases bone mineral content and microdamage
accumulation while increasing porosity. PTH increases
bone strength primarily through increased bone vol-
ume and improved cancellous architecture.

The acceleration of bone turnover increases the
amount of bone that is hypomineralized and makes
the tissue more compliant. It also increases the hetero-
geneity of the bone tissue, creating mixed populations
of older bone and new bone. This creates stiffness vari-
ations that would slow crack growth, increase tough-
ness, and delay or prevent fracture. These effects are
likely to remain as long as PTH treatment is continued.

Parathyroid hormone has a beneficial effect on tra-
becular architecture through a different mechanism
than the antiresorptive agents. Treatment with recom-
binant PTH (1-34) increases cancellous bone volume
and improves trabecular architecture by increasing tra-
becular number. This occurs via longitudinal tunnel-
ing, converting thickened trabecular to multiple struts
of normal thickness.65 This change in architecture, in
combination with increased net bone formation, is
associated with increased bone strength. Clinically, the
effect of these changes is to reduce fracture risk by
more than 60% with 1 year of treatment.66

In cortical bone, PTH (1-34) increases turnover and
cortical porosity, but this effect is most apparent close
to the marrow cavity. The bone near the marrow cav-
ity carries less stress than does the periosteal bone.
Consequently, increased porosity near the endosteal
surface has only a small negative effect on bone
strength. The small loss of bone consequent to
increased turnover is offset by increased periosteal
apposition, which maintains or improves bone
strength.67 This is likely the mechanism for the
observed reduction in nonvertebral fractures.66

BIOMECHANICAL TEST METHODS

Biomechanics has become a standard assay for evaluat-
ing the effects of putative osteoporosis treatments on
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animal bones. There are many different methods for
measuring bone biomechanical properties.

Tensile Testing
Tensile testing can be one of the most accurate meth-
ods for measuring bone properties, but bone speci-
mens must be relatively large and carefully machined.
Strain measurement can be accomplished accurately
by attaching a clip-on extensometer to the mid-section
of the specimen. Stress is calculated as the applied force
divided by the bone cross-sectional area in the mid-
section of the specimen. The tensile test is limited in
usefulness by the need for relatively large specimens,
particularly when testing cancellous bone.68

Compressive Testing
Compressive testing of bone specimens is a popular
technique, especially for cancellous bone, because rel-
atively small specimens can be used. Compressive tests
tend to be less accurate than tensile tests due to end
effects imposed on the specimen during the test.
Should the faces of the bone specimen be slightly mis-
aligned with the loading plate, large stress concentra-
tions can occur, causing an underestimation of both
Young modulus and strength. Although it is more dif-
ficult to achieve accurate results using a compressive
test than using a tensile test, the compressive test has
several advantages. First, the compressive specimens
need not be as large as tensile specimens; this is a
major advantage when testing cancellous bone.
Second, fabrication of compressive specimens may
not be as difficult as with tensile test specimens.
Finally, in some regions of the skeleton (e.g., the ver-
tebrae) compressive tests more closely simulate the
in vivo loading conditions to which the bone is
exposed. The compressive test is preferred for meas-
uring mechanical properties of vertebral specimens.
There are several issues to consider when testing
whole vertebrae in compression. Generally the spin-
ous processes posterior to the spinal canal should be
removed, while care is taken not to damage the verte-
bral body. The precision of the test can be improved
by removing the end plates of the vertebral body with
parallel cuts using a diamond wafering saw. The final
specimen should have parallel faces and its height
should be equal to or less than its width. For a speci-
men in compression, stress is calculated as the applied
force divided by the bone specimen’s cross-sectional
area. However, the calculation of stress is complicated
for cancellous bone specimens by the underlying tra-
becular architecture. For cancellous bone, force
divided by cross-sectional area gives an apparent
stress, yet less than 30% of the specimen is bone tissue.
Consequently, the apparent stress in the specimen and
the true stress in the trabecular tissue are quite differ-

ent quantities. The trabecular stress is more accurately
approximated as

σ = (F/A)( 1 / Af) [1]

where σ is stress, F is force, A is the specimen cross-
sectional area, and Af is the area fraction of trabecular
tissue.

Bending Tests
Bending tests are useful for measuring the mechanical
properties of bones from rodents as well as larger ani-
mals. For small bones, it is very difficult to machine
tensile or compressive test specimens. In the bending
test, the whole long bone is loaded in bending until
failure. Bending causes tensile stresses on one side of
the bone and compressive stresses on the other. Bone
is weaker in tension than compression,69 so in a bend-
ing test, failure usually occurs on the tensile side of the
bone. Bending can be applied to the bone using either
three-point or four-point loading (Figure 6-10). The
span of the specimen that is loaded (shown as L in
Figure 6-10) must be sufficiently long to guarantee an
accurate test. If L is very short, most of the displace-
ment induced by loading will be due to shear stresses
and not bending. For bone specimens, L should be
about 20 to 25 times the thickness of the specimen.70 In
bending tests of whole bones, unfortunately, a length-
to-width ratio of 20:1 cannot be achieved. The advan-
tage of three-point loading is its simplicity, but it has
the disadvantage of creating high shear stresses near
the mid-section of the bone. Four-point loading pro-
duces pure bending between the two upper loading
points, which insures that transverse shear stresses are
zero. However, four-point bending requires that the
force at each loading point be equal. This requirement
is simple to achieve in regularly shaped specimens but
difficult to achieve in whole bone tests. Therefore,
three-point bending is used more often for measuring
the mechanical properties of rodent bones.

Stresses due to bending can be calculated using the
beam-bending formulas (equations 2 and 3). These
beam-bending formulas are valid for beams with sym-
metrical cross-sections. For some bones, the tibia for
instance, the cross-section is assymmetrical and a more
complicated formula is required to accurately calculate
stresses.71 For three-point loading the equation is

σ = 
FLC

, ε = 
12cd

, E = 
F    L3

[2]

and for four-point loading it is
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σ = Fac , ε =      6cd , and E =  F    a2  
(3L– 4a) [3]

2I d 12Ia(3L–4a)



where σ is stress, ε is strain, c is the distance from the
center of mass, F is applied force, d is displacement, and
a and L are lengths given in Figure 6-10.72 Indirect calcu-
lation of strain is inaccurate, however, for two reasons.
First, substantial deformation of the specimen occurs
where the loaders contact the bone. Second, there is
always some deformation due to induced shear stresses.73

These effects cause the measured displacement to be
greater than the flexural displacement of the bone. This
error causes an overestimation of strain and an underes-
timation of Young modulus. Keys to a successful three-
point bending test for whole bones are the dimensions of
the testing fixtures. Of greatest importance are the span
between the lower loaders and the radius of curvature of
the loading surfaces (Figure 6-11)—the former deter-
mines the length-to-width ratio and the latter determines
how much bone deformation will occur beneath the
loaders. For bending tests, as in tensile tests, it is impor-
tant to distinguish between intrinsic stiffness and extrin-
sic stiffness of the bone. Again, the intrinsic stiffness is
equal to the Young modulus (E), whereas the extrinsic
stiffness or flexural rigidity is equal to EI, where I is the
cross-sectional moment of inertia. As noted above,
bending tests on whole bone specimens give inaccurate
values for Young modulus and strain, but accurate
results can be obtained by testing a strip of bone
machined from the cortical diaphysis. For a machined
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Figure 6-10. Bending can be applied to rodent bones
and machined bone specimens using either 
three-point or four-point loading. F is the applied
force and d is the resulting displacement.

Figure 6-11. The key dimensions for a three-point bending
test of a long bone are the span between the lower loaders and
the radius of curvature of the loading surfaces. The table shows
representative dimensions used successfully in our laboratory.



specimen tested in three-point bending, the stress, strain,
and Young modulus are estimated by the following
equation:

σ = (3FL)/(2wt2), ε = 6td/L2, and

E = (FL3)/(4dwt3) [4]

where F is applied force, d is loader displacement, L is
the span of the loaders, and w and t are the specimen
width and thickness. Equation 4 does not account for
shear deformation in the specimen, yet the error asso-
ciated with this simplification is minimal if the ratio of
L to t is greater than 20. Spatz and colleagues70 recom-
mended designing a test for bone tissue with L/t = 25,
whereas the American Society for Testing and
Materials recommends L/t = 16 for plastics.

Torsional Testing
A torsion test can be used to measure the mechanical
properties of bone in shear. When a torque is applied
to a circular specimen, shear stress varies from zero at
the center of the specimen to a maximum at the sur-
face. The general equations for calculating shear stress
and shear modulus of elasticity in a torsion test are

τ = Tr—
J

and G = (TL)/(θJ) [5]

where τ is shear stress, G is shear modulus, T is applied
torque, θ is rotational displacement, r is the radius of
the specimen, L is the length of the specimen test
region, and J is the polar moment of inertia of the
specimen. It should be noted that the general equation
for shear stress (equation 5) is inaccurate if the cross-
section is not circular. Equations for shear stress in
noncircular cross-sections can be found in various
references.74

For thin-walled cylinders, shear stress can be
approximated using the following formula

At
T

2=x [6]

where A is the average of the inner and outer areas of
the cylinder, and t is the thickness of the cylinder wall.
Equation 6 is sometimes used to approximate the shear
stress in whole bone torsion tests. However, the use of
equation 6 in bone tests can lead to substantial error.
For instance, equation 6 underpredicts the shear stress
in the adult rat femur by more than 19%.68

Torsion tests are often used to measure the strength
of whole bones from rodents.75,76 The bone is gripped
by embedding the ends in blocks of plastic or a metal
alloy with a low melting point, and the two blocks are
twisted relative to one another. The shear modulus of
elasticity can be calculated from slope of the torque-

twist curve (the torsion analog to the load-displace-
ment curve):

G K
LT= i [7]

where Ti is the slope of the torque-twist curve and K is
the torsional constant. For circular cross-sections, K is
equal to J. Unfortunately, K is difficult to determine for
irregularly shaped specimens such as many long bones.
The best way to accurately measure shear modulus in
irregularly shaped bones (e.g., the tibia) is to divide the
applied stress by strain measured directly using a
rosette strain gauge bonded to the surface of the mid-
shaft of the bone.77 Like other tests, torsion tests pro-
vide measures of both intrinsic stiffness and extrinsic
stiffness. In a torsion test, the intrinsic stiffness is equal
to the shear modulus (G), whereas the extrinsic stiffness
or torsional rigidity is equal to GJ, where J is the polar
moment of inertia of the cross-section. A major disad-
vantage of torsional testing of whole bones is the diffi-
culty of mounting the specimen ends into the testing
grips. The bone ends must be embedded to allow rigid
fixation with the testing grips. Embedding adds speci-
men preparation time and expense for each test. There
also are potential errors associated with embedding.
The specimen must remain perfectly aligned while the
embedding resin hardens. Any misalignment could
induce a bending moment that would confound the
test result. Also, plastic embedding resins have signifi-
cant compliance and thus allow substantial rotation of
the ends of the specimen within the grips, resulting in
an overestimation of rotational displacement and an
underestimation of torsional rigidity. Consequently,
bending rather than torsional testing is the preferred
methodology for large-scale screening of long bones for
pharmaceutical or genetic effects.

Torsion offers a distinct advantage over bending
tests for measuring the biomechanical effects of frac-
ture healing, bone defects, or bone grafts, however.
Torsion allows the load to be applied at the ends of the
bone, away from the bone defect/graft, whereas three-
point bending requires loading near or directly above
the defect/graft. Besides torsion, four-point bending is
another useful method for testing long bones with
grafts or defects.

Indentation tests are used to map the biomechanical
properties of subchondral bone and the underlying
trabecular bone near diarthrodial joints or bone adja-
cent to implants. The biomechanical properties of
bone in these regions are clinically important in stud-
ies of osteoarthritis progression and joint replacement
arthroplasty. Indentation testing also can be used for
measuring Young modulus and strength of trabecular
bone specimens.78,79 As the indentor penetrates the
specimen, a load-displacement curve is created. The
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strength of the bone is estimated as the maximum load
divided by the cross-sectional area of the indentor. The
Young modulus is calculated as follows:

o( )/E S d1 2= - [8]

where S is the slope of the load-displacement curve, ν
is the Poisson’s ratio of the bone (i.e., the ratio of its
deformation in two perpendicular planes), and d is the
diameter of the indentor.80

Bone Fatigue
When a material is repetitively loaded, with loads
within the pre-yield region of the stress-strain curve,
its mechanical properties gradually degrade over a
period of time. This degradation of strength and
Young modulus with time is called fatigue. In bone, the
reduction in mechanical properties is attributed to the
formation of small cracks within the bony structure. As
loading continues, these cracks grow and coalesce
until, ultimately, the bone fails catastrophically.
Fatigue properties can be measured using tensile, com-
pressive, bending, or torsional loading. The results of
fatigue tests can be summarized on an S-N diagram.
The S-N diagram depicts the peak applied stress as a
function of the number of fatigue cycles before failure.
For instance, a bone specimen cycled between zero and
100 MPa may last for 10 cycles before failure, whereas
a specimen cycled between zero and 50 MPa will last
longer than 100,000 cycles. Generally, fatigue failure is
defined as the number of cycles necessary to cause a
specimen to lose 30% of its intrinsic stiffness (i.e., the
slope of the linear portion of the stress-strain curve is
decreased by 30%). The fatigue properties of bone are
very sensitive to testing temperature; specimens tested

at room temperature undergo twice as many loading
cycles before failure than bone tested at 37˚C.81 Fatigue
properties also change substantially if the bone is dehy-
drated. Fatigue in bone can occur in two ways, creep
(slippage at the cement lines)82 or crack accumula-
tion.83 Carter and Caler84 have shown that creep is the
major cause of fatigue failure if the bone is loaded in
tension or at high stress (>60 MPa), whereas crack
accumulation causes fatigue failure if the specimen is
loaded in compression at low stress (<60 MPa).
Therefore, one must carefully design the parameters of
a fatigue test to examine the phenomenon of interest.
A major problem in designing a fatigue test is the fact
that a cortical bone specimen can undergo as many as
37 million low-stress (24 MPa) loading cycles.85 This
translates to 43 days of fatigue testing at 10 cycles
per second. The fatigue life is shortened considerably if
the applied stress is raised to 50 MPa—5 days in ten-
sion and 45 days in compression at 2 Hz.86 Raising the
applied stress to about 60 MPa (with an applied strain
of about 3000 μstrain) reduces fatigue life even fur-
ther—3 hours in tension and 4 days in compression.84

CONCLUSION

We have presented a summary of bone biomechanics
and descriptions of several types of biomechanical
tests. We recognize that our presentation is incom-
plete. Instead of a comprehensive treatment of the sub-
ject, we limited our discussion to several major issues.
It is important to note that biomechanics is not simply
a compendium of methods, but a science unto itself.
Consequently, biomechanical concepts will continue
to evolve and improve. This chapter represents a snap-
shot of these concepts as they exist today.
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Osteoporosis is characterized by low bone mass and
microarchitectural deterioration of bone tissue leading
to enhanced bone fragility and a consequent increase
in fracture risk.1 Bone quality and strength are not
reflections only of density and microarchitecture; other
factors influence bone and fracture risk2 and need to
considered. The clinical consequence of impaired bone
quality and loss of strength is fracture. The most com-
mon low-trauma age-related fractures are of the prox-
imal femur, vertebrae, and distal forearm. There is also
an age-related increase in fractures of other bones such
as humerus, pelvis, and ribs.3 The cause of fracture is
multifactorial. It is the interaction of bone strength, the
event of an injury, usually a fall, and the force on the
skeleton from that injury.

The impact of fracture depends on the fracture site and
characteristics, age of the patient, and comorbidity. The
nature of the impact of osteoporosis and fracture on the
individual can be considered within the context of the
World Health Organization International Classification
of Functioning (Figure 7-1).4 Osteoporosis and fracture
are both health conditions, but they also describe the
impairment of structure—that is, reduced bone mass,
deterioration in microarchitecture, and loss of strength
with subsequent fracture. There is loss of mobility and
impaired psychological function through pain. These
impairments will limit the activities of the individual,
such as walking, and restrict his or her participation in
society, such as going to work (Figure 7-2). The impact
on an individual will be influenced by the context in
which he or she lives: the complete background of a per-
son’s life and living situation such as physical, social, and
attitudinal environments and also personal factors such
as sex, age, ethnicity, lifestyle, and social background.
Risk factors for occurrence and outcome of osteoporosis
and fracture can also be described as contextual factors.
A core set of ICF categories relevant to osteoporosis were
proposed after a formal decision-making and consensus
process that highlight the importance of pain and the
activities of walking, lifting, carrying, recreation, and
leisure.5 The impact on the individual and also on society
can be considered in terms of economics, such as utiliza-
tion of health and social care or loss of income and wel-
fare and pension benefits due to the restriction of
activities, often both short- and long-term, after a frac-

ture. The impact of different fractures in people with
osteoporosis are considered here using this framework.

VERTEBRAL FRACTURES

Vertebral fractures in older people are typically associ-
ated with osteoporosis. As it is not always possible to
say when the changing shape of a vertebral body
occurs, the injury is often described as a vertebral
deformity and not as a fracture. The vertebra is most
commonly wedged, but there may be a biconcave
appearance because of depression of the endplates, or,
less frequently, the vertebra may be crushed with loss
of anterior and posterior height.6 Vertebral fractures
are most often an incidental finding, with only about
one-third of cases presenting clinically.

The incidence of vertebral factures is greater in
women than in men and increases with age. In a pan-
European study, the incidence was 29.3 vertebral frac-
tures per 1000 person-years in women and 13.6 per
1000 person-years in men aged 75 to 79 years, com-
pared with 3.6 and 0.9 per 1000 person-years in
women and men, respectively, aged 50 to 54 years.7

The prevalence of vertebral deformities was 5% of
women and 9.9% of men aged 50 to 54 years, rising to
24.7% of women and 18.1% of men aged 75 to 79
years.8 The lifetime risk of vertebral fracture in the
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United Kingdom from the age of 50 years has been esti-
mated at 3.1% of women and 1.2% of men.3 One-third
of people older than 50 years with vertebral deformities
will have deformities of several vertebrae.6 The most
commonly affected vertebrae are at the thoracolumbar
junction and the midthoracic spine (Figure 7-3).6

ACUTE SYMPTOMATIC (CLINICAL)
VERTEBRAL FRACTURE

Clinical Aspects
Acute clinical vertebral fracture usually manifests with
sudden onset of back pain. The pain may be diffuse
across the back and is often referred around the body,
usually symmetrically. The precipitating trauma is
often mild, such as lifting or a sudden jar.

The associated pain with an acute vertebral fracture
is often severe, and mobility can be greatly restricted.
The pain may be severe for a couple of weeks and then
subside, although in many affected people it is persist-
ent. Fractures of the lower thoracic and upper lumbar
spine are associated with worse pain. Pain can usually
be elicited on percussion, localized to the vertebral
fracture; some patients have more diffuse tenderness.
The acute pain often precipitates paraspinal muscle
spasm and greatly restricted movement of the spine.
Rest is preferred to standing or walking. Any move-
ment, in particular coughing, sneezing, or straining,
aggravates the pain. Vertebral fractures due to osteo-
porosis are not typically associated with neurological
signs or signs of nerve tension.

Outcome
Acute clinical vertebral fractures affect activities and
restrict participation. Between 2% and 10% of affected
people are hospitalized,9 and a great variation has been

found between populations of countries in Europe10

and also between black and white women in the
United States.11 Some patients require long-term care,
in particular the more elderly or those with comor-
bidities. Limitation is mostly due to pain and loss of
movement of the spine. The impact of a recent verte-
bral fracture is greater in people who have already sus-
tained a vertebral fracture.12 Not all vertebral fractures
manifest clinically with pain, but these subclinical frac-
tures are still associated with reduced health-related
quality of life affecting physical function and general
health perception.13 Pain and limitation of activities
increase with increasing numbers of radiologically
identified vertebral fractures.14,15

The presenting acute clinical vertebral fracture may
be the initial event, but the fracture may be the wors-
ening of a preexisting vertebral fracture or a further
vertebral fracture, because those who have already sus-
tained one fracture are at high risk of sustaining fur-
ther fractures. In a large prospective study, the risk of
sustaining a new vertebral fracture was increased five-
fold during a year of observation in people who had
one or more vertebral fractures at baseline compared
with those without vertebral fracture at baseline.16

MULTIPLE OR CHRONIC VERTEBRAL
FRACTURE

Clinical Aspects
If the person has multiple vertebral deformities, there
is an increased risk of chronic back pain and there
will be loss of height and stoop. Stoop is associated
with symptoms such as loss of spinal mobility,
decreased lung capacity and breathlessness, compres-
sion of the abdomen with reflux esophagitis, diffi-
culty in eating large meals, constipation, and stress

Normal
health

Osteoporosis

Fracture

Partial
recovery

Death

Structure
• Bone density
• Microarchitecture
• Fracture

Symptoms
• Pain
• Loss of movement

Structure/function Activities/participation

Mobility
• Walking, using transport

Self-care
• Washing, dressing

Domestic life
• Shopping, meals, house

Interactions and
relationships
• Spousal, family, work

Figure 7-2. A model of the impact of osteoporosis
and fracture.
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incontinence. There is typically a protuberant
abdomen and sometimes the ribs can impinge on the
pelvic brim, causing pain. There may be intertrigo in
the abdominal skinfolds. The thoracic kyphosis
results in hyperextension of the neck so that the
affected people can see where they are going, and this
may result in chronic neck pain. There is distress
associated with the change in body habitus as well as
concern about further fracture.

Outcome
Chronic back pain and impairment of quality of life
may accompany these symptoms. Pain and the limi-
tation of activities worsen with each vertebral fracture
and with increasing spinal deformity. Although tho-
racic vertebral fractures result in the most apparent
deformity with kyphosis, it is lumbar vertebral frac-
tures that have the greatest impact on quality of
life.14,15 The impact on health-related quality of life
has been demonstrated using condition-specific

instruments such as QUALEFFO12-14 and OPAQ15

and generic health-related quality-of-life instru-
ments.12,14,17 The domains mainly affected are pain,
physical function, and general health status. This has
been demonstrated in cross-sectional and longitudi-
nal studies.12,13,15 The impact has also been shown
using measures of functionality such as the Modified
Barthel Index and the Timed “Up and Go” test.17

Vertebral fractures have an impact on health-related
quality of life whether or not they are associated with
pain. The outcome is worse with age14 and in the
presence of comorbidity.

Vertebral fractures are associated with an increased
risk of further vertebral fracture16,18 and of hip fracture
in women,19 the risk increasing with the number of
prevalent vertebral fractures. For two or more preva-
lent vertebral deformities, the relative risk of hip frac-
ture was increased seven-fold.19 This is not surprising,
as vertebral fractures best indicate the presence of
underlying osteoporosis.
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Figure 7-3. Common sites of vertebral fracture.
(From Ismail AA, Cooper C, Felsenberg D et al:
Number and type of vertebral deformities:
epidemiological characteristics and relation to
back pain and height loss. European Vetebral
Osteoporosis Study Group. Osteoporos Int
1999;9:206-13.)



Vertebral fractures are associated with a long-term
increase in risk for mortality.20-22 In the Study of
Osteoporotic Fractures, as compared with women who
did not have a vertebral fracture, women with one or
more fractures had a 1.23-fold greater age-adjusted
mortality rate, and mortality rose with greater num-
bers of vertebral fractures, from 19 per 1000 woman-
years in women with no fractures to 44 per 1000
woman-years in those with five or more fractures.22

Excess mortality is largely related to cardiovascular and
pulmonary disease and cancer.21, 22 It probably repre-
sents the health status of those who sustain vertebral
fractures rather than the consequence of the fracture.

The economic impact of vertebral fractures is not as
great as for other fractures, as between 2% and 10%
necessitate admission to the hospital.9 They account
for about 5% of the direct health care expenditure in
the United States related to osteoporosis.23 Treatment
costs should increase as the future risk of these indi-
viduals for further fractures is recognized.

HIP FRACTURE

Clinical Aspects
Hip fractures are fractures of the proximal femur,
either through the femoral neck (subcapital or trans-
cervical fracture, an intracapsular fracture) or through
the trochanteric region (intertrochanteric or sub-
trochanteric fracture, an extracapsular fracture). The
typical age of a person sustaining a hip fracture in
Europe is about 80 years. Many affected people are frail
with comorbidities and already unable to live inde-
pendently.

Fractures of the proximal femur usually follow a fall.
The acute fracture causes severe pain and immediate
loss of mobility and results in hospital admission. In
Sweden, such fractures account for 48% of admissions
for fracture in men and 49% in women and for 54%
and 56% of hospital-bed days, respectively.24 Virtually
all patients with hip fractures in developed countries
undergo surgical procedures, either nailing or joint
replacement.25,26

Outcome
The poor outcome after hip fracture in elderly patients
has been shown in several studies. The long-term loss
of mobility is a major problem. In a population-based
study of all hip fractures in patients 50 years or older in
Oslo over a 1-year period, 593 of 1002 subjects com-
pleted a questionnaire that demonstrated the impact
on activities of daily living and independence.27 The
proportion of patients living in nursing homes
increased from 15% before to 30% after the hip frac-
ture, and men were twice as likely to move into a nurs-
ing home as women. Of the patients living in their own

homes before the hip fracture, 33% of those older than
85 years and 6% of those younger than 75 years had to
move to nursing homes after hip fracture. The propor-
tion of patients walking without any aid decreased
from 76% to 36%, and 43% of the patients lost their
pre-fracture ability to move outside on their own.
More than one-quarter of the patients (28%) lost their
ability to cook their own dinner after sustaining hip
fracture. The probability of these events increased with
increasing age (Figure 7-4). In a prospective study of
102 people 65 years of age and older admitted consec-
utively after hip fracture to a university and a general
hospital,28 the mean age of the participants was 83
years, 58% of patients came from their own homes, and
42% of patients came from institutions. Nearly 70% of
patients had two or more diagnoses other than the hip
fracture. Cumulative mortality rate was 20% at 4 months
after fracture. Of surviving patients, at 4 months only
57% were back in their original situation for accom-
modation, 43% reached the same level of walking abil-
ity, and 17% achieved the same level of activities of
daily living as before fracture.

Outcome is affected by the characteristics of the frac-
ture; age, general health, and functional status of the
person sustaining the hip fracture; and the manage-
ment of their fracture. People living in residential or
care homes are much more at risk of having a hip frac-
ture, and this increased risk compared with those liv-
ing in their own homes has been found to be more
marked in the younger elderly.29

Formally assessing health-related quality of life after
hip fracture is biased by high nonresponse rates in
studies due to the age and mental state of many of the
subjects.30 In most older people who sustain a hip frac-
ture, there is some long-term impairment of mobility
and sometimes chronic pain. Many lose their inde-
pendence, in particular those who had some limitation
of their activity before the hip fracture, usually related
to comorbidity. In a study in France, people living in
residential care who sustained a hip fracture had
higher subsequent morbidity and mortality than those
who had been living in their own homes.29

Although those who return to their own homes
would appear to have a good outcome, many do not
return to their pre-fracture lifestyle and have impaired
mobility and balance along with reduced functional
and social independence.31 Function before the frac-
ture32 and on discharge from the hospital30 have been
found to be the strongest predictors of functional sta-
tus 1 year after fracture in survivors.

Fear of fracture can alter behavior, and older women
place a high marginal value on their health and inde-
pendence. In a time trade-off study, women older than
75 years who had experienced a fall were prepared
to trade off considerable length of life to avoid the
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reduction in quality of life that happens after a “bad”
hip fracture.33

The 1-year mortality rate varies between 12% and
37% in studies, increasing with age, but the greatest
excess mortality rate is found among subjects younger
than 80 years34 and in males.35 Mortality risk is greater
for those with coexisting illnesses and poor pre-
fracture functional status. Six-month mortality rate
has been shown to be highest for patients with dis-
placed femoral neck fractures (15.8%) and lowest for
patients with nondisplaced femoral neck fractures
(5.7%).36 Major causes of death are pneumonia, pul-
monary embolism, stroke, myocardial infarction, and
cardiac failure. Mortality rate is greatest in the first 6
months and returns to the expected level by 2 years.

Hip fractures have the greatest economic impact
because of the need for hospitalization24 and surgery in
the acute stage and the loss of independence by those
who survive. Only about 45% of those sustaining a hip
fracture are discharged home, and 20% require long-
stay residential care. Although the health care costs in
fracture management are considerable, the indirect
costs relating to support in the community are twice as
great. These costs, both short- and long-term, relate to
the health and social care system and financial incen-
tives of the system. In the United Kingdom, hip frac-
tures account for 87% of the total cost of osteoporotic
fractures in women, with the acute hospital cost of a
hip fracture estimated at £4808 in 1998 with a total
cost per fracture at £12,124.37 In the European
Community, the total hospital costs of hip fracture in
1998 were estimated to be more than 3.5 billion Euros
with estimated total care costs of over 9 billion Euros.38

In a case control study of osteoporotic fractures in
Olmsted County, Minnesota, USA, the incremental
direct medical costs for the year following an osteo-
porotic fracture were found to be greatest after distal
femur (US$11,756) and hip fractures (US$11, 241).39

Similar figures have been estimated in Europe.40

DISTAL RADIUS FRACTURES

Clinical Aspects
Distal radius fracture is one of the most common frac-
tures and is most often a Colles fracture. In women it
is considered to be an indicator for osteoporosis and
future fracture risk. It is estimated that 16.6% of
women and 2.9% of men will suffer a distal radius frac-
ture from the age of 50 years in the United Kingdom.3

The fracture typically occurs in a person who falls for-
ward reaching out with the hand to break the fall. The
fracture is located within the distal 3 to 4 cm of the
radius that is rich in trabecular bone but has thin cor-
tices. The most benign type is undisplaced, but dorsal
displacement is common, and in more severe fracture

types the fracture continues intra-articularly into the
radiocarpal joint. Undisplaced fractures are treated
with a stabilizing cast for 4 to 5 weeks, whereas dis-
placed fractures require prior reduction.

Outcome
Distal radius fractures result in pain and loss of func-
tion and can result in short-term loss of independence
in an older person. Hand function is greatly impaired
until the fracture is healed, but long-term weakness of
grip and limited activities are common. Most patients
are treated as out-patients, but hospitalization rates in
the United Kingdom were found to be 23% of men and
19% of women, the proportion being age related.41

Hospitalization may be less with access to day care
facilities. Only 50% of affected people report good
functional outcome at 6 months, and up to 30% of
individuals may suffer some long-term complication.
These problems include algodystrophy (reflex sympa-
thetic dystrophy) and osteoarthritis of the wrist. Many
patients exhibit risk factors for osteoporosis,42 new
falls, and fractures.43

The direct costs relate to hospital admission,
although the economic impact of long-term limitations
of upper limb activities is not known. Because these
fractures occur in many people of working age, they
are likely to have a greater economic impact than is
recognized.

The occurrence of distal forearm fracture is an indi-
cator of risk of further fractures in life and is a reason
for a full assessment of risk and treatment, if appropri-
ate, to reduce that risk.

PROXIMAL HUMERUS FRACTURE

Clinical Aspects
Fractures of the proximal part of the humerus are
common in the elderly and are associated with osteo-
porosis, whereas proximal humerus fracture in the
young often is the result of high-energy trauma. It has
been estimated that fractures of the proximal part of
the humerus account for 4% to 8% of all fractures.3,44

In persons older than 40 years of age, fractures of the
proximal humerus account for 76% of all fractures of
the humerus.45 Data suggest that fracture of the proxi-
mal humerus is the third most common fracture in
people older than 65 years.3,46 Fractures of the proxi-
mal humerus have shown a similar pattern of increase
as other common fragility fractures,3,47 and the esti-
mated remaining lifetime risk from age 45 in Sweden is
13.3% in women and 4.4% in men.48 Fractures of the
proximal humerus increase with age in both men and
women—with women being somewhat older at the
time of fracture, on average around 70 to 74 years ver-
sus 65 years in men—when excluding children,46,49
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whereas the highest age-specific incidence is in women
between 80 and 89 years of age.46 Bone mineral density
of the femoral neck is a predictor of humerus fracture,
doubling the risk,50 and when combined with risk fac-
tors for falls the risk is further increased.51

Fracture of the proximal humerus occurs when a
person is unable to fully reach out to counteract a fall,
and instead falls slightly on the side and hits the shoul-
der region. Most persons tend to be generally fit and
90% are living at home prior to the fracture.46 The
fracture is most commonly minimally displaced and
with a somewhat oblique orientation through the sur-
gical neck of the proximal humerus. A minimally dis-
placed main fracture may be accompanied by avulsion
of the greater tuberosity of humerus, that is, the inser-
tion of the supraspinous tendon. According to the
study by Court-Brown and colleagues46 evaluating
more than 1000 patients, 66% involved the surgical
neck or greater tuberosity. The fracture may also be
comminuted with two main fragments or, in severe
cases, four fragments, and the severity is associated
with increasing age. Multifragmented fractures are
often displaced and challenging to treat, whereas the
minimally displaced fracture merely requires conserva-
tive treatment with a sling for 2 to 3 weeks. The initial
period of significant pain even in minimally displaced
fractures may last for up to 3 weeks, because conserva-
tive treatment provides only limited stability. In addi-
tion, bleeding from the fracture may descend through
gravity into the soft tissues of the upper arm or even
down to the forearm, augmenting the pain because of
swelling. It is of utmost importance to start mobility
training early, within 2 to 3 weeks, to diminish the
functional limitations from decreased range of motion
and pain.

Outcome
Fractures of the proximal humerus appear to occur in
persons who are relatively fit but less fit than those who
sustain distal radius fractures.52 The immediate prob-
lems arise from the shoulder pain, which is continuous
but aggravated on motion and when trying to lie down
on a bed. Patients often report impaired sleep or the
need to sleep in a sitting position. Pain in combination
with sleep deprivation affects general well-being, but it
normally begins to subside after 2 to 4 weeks. The func-
tional impairment during the rehabilitation period
involves problems in preparing food, reaching in cup-
boards, and personal care such as washing and dress-
ing. Rehabilitation after a proximal humerus fracture
often exceeds 3 months of training.

The short- and long-term functional outcomes
depend on both fracture-related and patient-related
factors. Available reports indicate that functional out-
come is associated with age at the time of fracture, the

pre-fracture health and functional status of the patient,
and the displacement of the fracture. For minimally
displaced fractures, the functional outcome was found
to be excellent or good in 77% over 12 to 17 months in
104 patients and 88% at 12 months in 507 patients.46,53

Despite this, the objective range of motion recovery
appeared to be lower, about 75% after 1 year, suggest-
ing that patients can cope with a certain limitation of
motion, whereas remaining shoulder pain is more dis-
abling. Assessment at 1 year indicated that the clinical
status at this time was predictive of long-term out-
come, with 55% reporting some shoulder pain and
functional limitation up to 13 years after fracture
(C. Olsson, PhD Thesis, 2005). Comorbidities signifi-
cantly affect the results, regardless of fracture type.

Fracture of the proximal humerus is predictive of
future fractures in both men and women, with a five
times risk increase for subsequent extremity fractures
in men.54 Fracture of the proximal humerus is also
associated with increased mortality with an endpoint
survival difference of 16% or 3.9 years over 13 years of
follow-up (Figure 7-5).49 The increased mortality risk
is most pronounced in men and during the first 3 years
after fracture, with cardiovascular disease and malig-
nancy being the most common causes of death.

The economic impact from this type of fracture has
not been calculated, but the time in weeks to return to
work was 4 to 10 weeks according to Court-Brown and
colleagues,46 with the shortest time for those sustaining
a fracture before the age of 40. The time to regain func-
tional capacity for personal care and household chores
was between 6 and 21 weeks for patients older than 80
years, suggesting that the costs for social services are
not negligible.

PELVIC FRACTURE

Clinical Aspects
Pelvic fractures from high-energy trauma can be life
threatening, particularly for an elderly person, but they
account for less than 20% of pelvic fractures in the eld-
erly. In total, pelvic fractures account for 2% to 8% of all
fractures.3,55 Pelvic fractures in the elderly occur from
minor trauma or from skeletal insufficiency. The low-
energy pelvic fracture is a stable fracture passing through
either the superior or the inferior pubic ramus or both
rami, commonly on the same side. Fractures of the pelvic
rami after trauma can be either undisplaced or have
varying degrees of displacement, whereas insufficiency
fractures are commonly undisplaced and not always
detectable on the first x-ray examination. The majority of
patients (up to 80%) are women and older than 80 years
of age.56,57 Fractures of the pelvic rami in the elderly are
treated symptomatically with adequate pain medica-
tions, and mobilization requires walking aids.

Pelvic Fractu
re
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A pelvic fracture usually occurs after a fall from
standing height or from unintentional sliding onto the
floor and causes immediate pain located in the groin.
Pelvic insufficiency fractures can be identified after a
sudden or insidious onset of groin pain and pain on
walking. The symptoms from pelvic low-trauma frac-
tures are similar to those of a hip fracture and clinically
it is not possible to differentiate a pelvic fracture from
a hip fracture with certainty. The fracture needs to be
diagnosed using imaging, which may correctly identify
a fracture on the initial examination with plain x-ray in
80% of the cases, while additional imaging, preferably
magnetic resonance imaging or a bone scan, is neces-
sary to diagnose the remaining especially insufficiency
fractures.57-59

Outcome
Comorbidities are common in patients with pelvic
fractures: 83% had at least two severe disorders and
16% had more than three in a French study.57 The pre-
fracture functional status of the patient had implica-
tions for outcome, and furthermore, estimates of
dependency are related to the structure of health and
social care and thus not exactly comparable. In the
study from the United Kingdom, up to 21% of the

patients were institutionalized prior to fracture,56

whereas the majority were living independently in the
studies from France and the United States. At dis-
charge, only half of the patients had regained self-
sufficiency57 and half had been transferred to nursing
homes.56

Most patients with pelvic fractures require hospital-
ization; patients with pelvic fractures use 6% of the
total number of hospital days used by fracture patients
in Sweden (hip fracture, 55%), with an average length
of stay of 13.4 days for men and 11.5 for women.24 In
addition, owing to the frailty of many of the patients, a
number of complicating conditions are common dur-
ing and after hospitalization. These data indicate that
pelvic fracture inflicts a significant burden on the
health care system but also on social care, in terms of
both economy and personnel.

In relatively healthy and community-dwelling per-
sons, 92% had regained their pre-fracture ambulatory
status, and activities of daily living were resumed by
95%53; however, in other studies, 24 of 41 previously
self-sufficient patients regained their functional status
without using a walking aid.57 Pelvic fracture is clearly
a fracture of the frail elderly, and the 1-year mortality
rate varies between 12% and 27%.

Figure 7-5. Cumulative proportion of
patients surviving with fracture of the
surgical neck of humerus compared
with age- and sex-matched controls.
(From Olsson C, Peterson C, Nordquist
S: Increased mortality after fracture of
the surgical neck of the humerus: a
case-control study of 253 patients
with a 12-year follow-up. Acta Orthop
Scand 2003;74:714-17.)
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FRACTURES IN RHEUMATOID ARTHRITIS

Rheumatoid arthritis is associated with osteoporosis,
both juxta-articular and generalized, as well as an
increased risk of fracture. Vertebral deformities are
more prevalent in people with rheumatoid arthritis as
compared with control subjects60,61 and are greater in
steroid users.62 Nonvertebral fractures are also more
prevalent, as is most clearly demonstrated for hip frac-
tures.63 In addition, stress fractures are seen in people
with rheumatoid arthritis, which occur without a his-
tory of trauma and can be misdiagnosed as an exacer-
bation of rheumatoid arthritis. They are usually of the
lower limbs or pelvis, most commonly the tibia, fol-
lowed in frequency by the fibula, tibia and fibula,
femur, and pubic ramus.64 Stress fractures of the pelvic
ring can be most difficult to diagnose, and scintigraphy
or magnetic resonance imaging may be required. Few
data are available as to how these fractures affect qual-
ity of life, but they almost certainly have a greater
impact in people with rheumatoid arthritis than in
others because of the cumulative disability.

Impact of Comorbidity
Comorbidity clearly plays an important role for the
outcome of fracture. Firstly, comorbidity is a risk factor
for fracture, most pronounced for hip fracture and in
men.65 In women, biological age, an indirect measure of
frailty and comorbidity, is associated with increased
overall fracture incidence and mortality risk66 and also
of falls.67 Furthermore, comorbidity is a significant fac-
tor in the evaluation of a fracture patient upon admis-
sion, as it has consequences for both short- and
long-term care. The elderly frail individual with several
concomitant conditions often suffers complications in
the acute phase of a fractures. This is particularly true
for fractures severely affecting general mobility, such as
hip and pelvic fractures. The complications in this phase
include urinary tract infections, pressure sores, pneu-
monia, myocardial infarctions, cerebrovascular inci-
dents, gastric bleeding, and deep venous thrombosis.68

In a longer term perspective, comorbidity affects
outcome in terms of general health and functioning.
People with worse health at the time of fracture require

a longer time to regain functions of daily living,
including walking independently, washing, dressing,
preparing food, and gripping things, or these abilities
are never fully regained. This is again most obvious for
patients with hip or pelvic fracture, a large proportion
of whom become dependent on partial or full-time
care. In this respect, it is pertinent to highlight the
importance of adequate fracture treatment for all
patients suffering osteoporotic fractures, regardless of
pre-fracture status. In a study of hip fracture patients
older than 80 years with mental deficiency or institu-
tionalized, a change from pinning to joint replacement
improved walking ability and left fewer patients with
pain at 1 year, results similar to those of independently
living persons undergoing the same treatment and bet-
ter than previous treatment.69

Comorbidity should also be evaluated in patients
with vertebral fracture, many of whom have developed
osteoporosis secondary to conditions such as chronic
obstructive lung disease, gastrointestinal conditions, or
other inflammatory conditions including rheumatoid
arthritis, or from medication. In an already compro-
mised person, further decline of respiratory function,
nutrition, or mobility from spinal deformation and
pain necessitates specific considerations and is associ-
ated with increased care needs.

CONCLUSION

Fractures in older people caused by underlying osteo-
porosis have an enormous impact on quality of life in
both the short and the long term. They cause pain
and loss of function, which may be prolonged. They
are also associated with increased mortality risk. The
costs to the individual and society are therefore great.
The acute management of fracture and subsequent
rehabilitation are central to optimizing the outcome,
but many people who sustain fractures around the
globe do not have access to the necessary level of
care. An older person who has sustained a fracture
is at increased risk of further fractures and should
be assessed and treated as appropriate to reduce
that risk.
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DENSITOMETRY TECHNIQUES

Radiographic Techniques
Before the development of bone densitometers, bone
mineral density (BMD) was estimated from conven-
tional x-ray images by comparing the brightness of the
skeleton with the surrounding tissues. Dense bone
appears relatively white on a standard radiograph,
whereas demineralized bone has an appearance closer
to that of soft tissue. However, this technique is quali-
tative and does not provide an accurate measure of
BMD. It has been suggested that bone mineral losses of
at least 30% are required before they may be visually
detected on a conventional radiograph.1

Because of the insensitivity of x-ray images to bone
density changes, several techniques have been developed
to improve the accuracy and precision of conventional
radiographs for bone mass assessment. Many of these
techniques were based on measurements of the hand
and forearm, because of easy access for measurement.
The primary advantage of these methods is equipment
cost, as all medical institutions have standard x-ray units.

The disadvantages, however, include alternations in
imaging technique, most notably x-ray energy and type
of x-ray film, both of which can cause apparent changes
in bone density. To adjust for differences in imaging
technique, a calibration wedge is often used during
image acquisition as a BMD reference (Figure 8-1).

To analyze the radiographs and produce a BMD
value, some techniques require centralized analysis of
the radiographs by a third party.2 Recent improve-
ments include systems that permit local analysis of
hand and forearm radiographs, eliminating the need
for shipment to a central analysis facility. Results are
obtained using custom analysis software for evaluating
the digitized images to produce BMD values. Despite
these improvements, radiographs are still primarily
qualitative images and are not specifically intended
for measuring bone density. This has led to the devel-
opment of devices specifically designed to quantify
bone density at various skeletal sites using x-ray and
ultrasound technology.

Single-Energy Densitometry
Because of the problems and inaccuracies of using
radiographs for measuring bone mass, researchers
developed the first dedicated bone densitometer in the
1960s.3 This device passed a beam of radiation through
the forearm and determined the difference between the
incoming and the outgoing radiation, called the atten-
uation. The higher the bone mineral content is, the
greater the attenuation is. With the introduction of
these devices, physicians were able to precisely meas-
ure bone density at a very low radiation dose. For the
first time, it was possible to accurately and precisely
monitor changes in bone density that might occur as
the result of aging or treatment.

Single-energy densitometry has important limita-
tions. The technique is limited to measuring peripheral
bones such as the heel and forearm, as the measure-
ment site must be immersed in water. Placing the meas-
urement site in water cancels the effect of the overlying
soft tissues, so that only the differential attenuation of
the bone can be measured. This approach is reasonable
for the measurement of the peripheral skeleton, but it is
not practical to immerse the entire body in water to

CLINICAL ASPECTS OF THE DISEASE

Investigations of Bone: Densitometry
Kenneth G. Faulkner

8

SUMMARY

■ There are several different options for bone
density assessment, including dual x-ray
absorptiometry (DXA), quantitative computed
tomography, and quantitative ultrasonography.

■ For the assessment of osteoporosis, estimation of
fracture risk, and monitoring of skeletal changes,
DXA measurements of the spine and proximal
femur are preferred.

■ Appropriate subjects for bone density testing
include all women older than 65 years,
postmenopausal women with risk factors, men
and women with low-trauma fractures, and men
and women currently taking medications known
to have an effect on bone (such as
glucocorticoids).

■ The most clinically important value from a bone
density examination is the T-score, which
compares the measured bone density to the
young adult average.
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Figure 8-1. Bone density measurements obtained from radiographs of the hand. (From Hochberg: Rheumatology, 3rd ed, 2003.)

obtain measurements of the spine or the hip. Today,
virtually all manufacturers of single-energy densitome-
ters have switched to producing dual-energy systems.

Dual-Energy Densitometry
As stated above, the primary limitation of single-
energy densitometry is an inability to directly measure

the spine and hip. The challenge was to devise a method
that eliminated the need for a water bath so that any
skeletal site could be measured. Researchers found that
if a dual-energy radiation source was used, the influ-
ence of soft tissue could be eliminated without the
need for a water bath to equalize soft tissue attenua-
tion. With this technique, it is possible to measure the
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central skeleton, specifically the lumbar spine and
proximal femur. Today, dual x-ray absorptiometry, or
DXA (sometimes referred to as DEXA), represents the
clinical technique of choice for measuring BMD.

Several different types of DXA systems are available,
but they all operate on similar principles. A radiation
source is aimed at a radiation detector placed directly
opposite the site to be measured. The patient is placed
on a table in the path of the radiation beam. The
source/detector assembly is then scanned across the
measurement region. The attenuation of the radiation
beam is determined and is related to the BMD.4

Dual x-ray absorptiometry technology can measure
virtually any skeletal site, but clinical use has been
concentrated on the lumbar spine, proximal femur,
forearm, and total body. DXA systems are available as
either full-table systems (capable of multiple skeletal
measurements, including the spine and hip) or as
peripheral systems (limited to measuring the periph-
eral skeleton). Because of their versatility, and the abil-
ity to measure the skeletal sites of greatest clinical
interest, full-table DXA systems are the current clinical
choice for osteoporosis assessment (Figure 8-2).
Peripheral DXA systems, portable and less expensive
than full-table systems, are more frequently used as
screening and early risk assessment tools.

Spine and proximal femur scans represent the
majority of the clinical measurements performed using
DXA. Most full-table DXA systems are able to perform
additional studies, including lateral spine BMD meas-
urements, evaluation of vertebral fractures, assessment
of bone around prosthetic implants, measurements of

children and infants, small-animal studies, and meas-
urements of excised bone specimens.

Early DXA systems used a pencil beam geometry and
a single detector, which was scanned across the meas-
urement region. Modern full-table DXA scanners use
a fan-beam source and multiple detectors, which are
swept across the measurement region. Fan beam
provides the advantage of decreased scan times as
compared with single-beam systems, but these
machines typically cost more because of the need for
multiple x-ray detectors. Fan-beam systems use either a
single-view or a multiview mode to image the skeleton.

Magnification Error
Single-view systems measure the skeleton with a single
pass of the x-ray source and detector across the meas-
urement site. However, single-view fan-beam systems
introduce a magnification error to the measurement
that depends on the position of the object between the
x-ray source and the detectors. By measuring the skele-
ton from only one angle, the location of the object
between the source and detector cannot be deter-
mined. This is similar to trying to visually judge the
distance of an object when one eye is covered—depth
perception is lost when only one view is available.
Fortunately, BMD measurements are not significantly
affected by this magnification error, so in clinical use,
single-view fan beam systems yield accurate BMD
results.5,6

With the use of a single-view fan beam, area and
bone content values must either be corrected for body
size or object height, or reported as “estimated” to

Figure 8-2. Full table dual X-ray absorptiometry system.
(From Hochberg: Rheumatology, 3rd ed, 2003.) (See
Color Plates.)
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allow for some variation in the position of the patient
between the source and detector.6,7 For accurate assess-
ment of bone area and content, multiview fan-beam
systems have been developed. By use of overlapping
images from different measurement angles, the object
plane can be accurately determined. This allows multi-
view fan-beam systems to accurately determine bone
area, content, and geometry. This is of particular
importance for evaluating follow-up BMD measure-
ments, in which consistency in area can be used as a
gauge of positioning precision. In addition, geometric
measurements, such as hip axis length (discussed
later), require highly accurate and precise length meas-
urements to be clinically useful.

Vertebral Fracture Assessment
For assessing vertebral heights (also called vertebral
morphometry), special software is used to determine
vertebral body dimensions.8,9 The computer (with the
help of the technologist) places points on the superior
and inferior end-plates of each vertebra. The vertebral
heights are calculated and compared with each other as
well as to the expected normal dimensions. With the
advent of higher-resolution DXA systems, visual
assessment of fractures is also possible from DXA-
based lateral spine images (Figure 8-3). In this situa-
tion, the DXA system essentially functions as a digital
x-ray imaging device. Visual assessment is performed
from a computer monitor or high-resolution printout.
To optimize the assessment, the use of high-definition
dual-energy images has been recommended.10

Using a DXA system for assessing vertebral fracture
status has several advantages. The evaluation of spine
fractures can be performed without a conventional lat-
eral spine radiograph. This can be done at the same

time and at the same place as the BMD measurement,
with much less radiation than a conventional spine
radiograph. Despite the apparent advantages, the
future of vertebral fracture assessment using DXA
remains unclear.

Skeletal radiologists have criticized the technique for
being insensitive and inaccurate for detecting vertebral
fractures. A DXA image is of lower resolution than a
conventional x-ray image and might fail to identify
other potential problems or diseases that would be
apparent on a spine film. At this time, DXA devices are
not generally accepted as a surrogate for spinal radi-
ographs, although they may provide a useful screening
tool in higher risk patients when spinal radiographs are
unavailable. For example, individuals older than 65,
subjects reporting significant height loss, or patients
on long-term glucocorticoid therapy who have not had
previous vertebral fractures or spinal radiographs
could benefit from a vertebral fracture assessment.

Femoral Dual X-Ray Absorptiometry
Newer applications of DXA include sequential meas-
urement of both femurs as well as geometric measure-
ments incorporated into the DXA scanning software.
Several studies have shown that left and right femur
measurements are highly correlated.11,12 Yet, for clinical
purposes, the relevant question is how often a differ-
ence between the left and right femur will change either
the diagnosis or the management of an individual
patient.

Studies have confirmed that the average BMD differ-
ence between left and right femurs is negligible.11,12

However, the standard error between the left and right
measurements is 0.05 g/cm2, both at the total hip and at
the femoral neck. Thus, if only one hip is measured, the

Figure 8-3. Vertebral fracture assessment from a dual
x-ray absorptiometry image of the spine. Use of dual-
energy images facilitates the visualization of the lumbar
and thoracic spine in a single image. In this example, a
fracture has been identified at T12. (From Hochberg:
Rheumatology, 3rd ed, 2003.) (See Color Plates.)
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other hip will differ by an average of ±0.05 g/cm2, equiv-
alent to half a T-score. For patients with T-scores
approaching the threshold for osteoporosis, the poten-
tial for misclassification becomes significant (Table 8-1).
For example, if the left femoral neck has a T-score of
−1.8, there is a 34% chance that the opposite femoral
neck will be −2.0 or less and an 8% chance that it will be
−2.5 or less. Thus, the use of the second hip measure-
ment can have an impact on patient management. In
addition, the use of both hips greatly reduces precision
error and facilitates the evaluation of skeletal response at
the femur.

The hip axis length (Figure 8-4) has been identified
as an independent indicator of hip fracture risk.13-19

This measurement can be obtained from a standard
DXA scan of the proximal femur, although on some
systems an increased scan field may be required. Each
centimeter (10%) increase in hip-axis length doubles
the risk for hip fracture. For short-term prediction of
hip fracture (within 2 years), hip-axis length was
shown to predict hip fractures independent of BMD.

Although hip-axis length cannot be viewed as a
stand-alone clinical predictor, it can potentially pro-
vide utility in conjunction with BMD to identify high-
risk patients. Based on the available data, elderly white
women with height- and weight-adjusted hip-axis
length more than 1 cm above normal have twice the
risk of hip fracture as those with an average hip-axis

TABLE 8-1 POTENTIAL FOR MISSED DIAGNOSIS OF OSTEOPOROSIS IF ONLY A SINGLE HIP
IS MEASURED

T-score of first hip 0.0 −0.5 −1.0 −1.5 −1.6 −1.7 −1.8 −1.9 −2.0 −2.1 −2.2 −2.3 −2.4

% with second hip 
at -2.0 or less 0.0 0.1 2.3 15.9 21.2 27.4 34.5 42.1

% with second hip 
at -2.5 or less 0.0 0.0 0.1 2.3 3.6 5.5 8.1 11.5 15.9 21.2 27.4 34.5 42.1

In situations where the first hip is within one half of a T-score of a diagnostic or therapeutic criterion, measurement of the second hip is

recommended.

From Hochberg, Rheumatology, 3rd ed, 2003.

Figure 8-4. The hip-axis length, defined as the length
along the femoral neck axis from the base of the greater
trochanter to the inner pelvic brim. (From Hochberg:
Rheumatology, 3rd ed, 2003.)
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length. The use of hip-axis length in younger women,
men, and people of other ethnicities has not yet been
studied. However, for those with low BMD, hip-axis
length can be considered as another factor to help
identify those at increased risk for hip fracture.

Quantitative Computed Tomography
Before the advent of DXA, several researchers reported
using computed tomography (CT) scanners to obtain
bone density measurements.20-22 This technique is called
quantitative CT (QCT) to differentiate it from imaging
CT. QCT is the only noninvasive three-dimensional
bone mass measurement technique available. QCT
reports a volumetric density (in milligrams per cubic
centimeter) as opposed to the area density (in grams per
square centimeter) obtained using other techniques.
Initially, QCT was performed without any special equip-
ment (other than the CT system) by measuring the
average CT number of the vertebral body. More
advanced procedures have been developed to improve
the accuracy and precision of the measurement.

Quantitative computed tomography is used clini-
cally to measure the bone density of the spine. It has
the advantage of measuring the central bone of the ver-
tebral body, which is a more sensitive site for detecting
bone mineral changes than most other skeletal sites.23

QCT can be performed on most commercial CT
systems with the addition of a bone mineral standard
for calibration of the CT measurement (Figure 8-5).
Several different types of calibration systems are com-
mercially available from CT manufacturers and third-
party vendors.

In the standard QCT protocol, three or four lumbar
vertebral bodies are measured using a single 8- to 10-mm
slice through the center of each vertebra.24 The calibra-
tion standard must also be measured, either at the same
time or immediately after the patient is measured. Low-
dose settings are used to reduce radiation exposure to
well below that of a standard CT examination but still
well above other types of bone density measurement
(such as DXA). From the CT images, the average atten-
uation of the vertebral body bone is determined as well
as the attenuation of the calibration standard. Using the
known density of each of the standards and the meas-
ured CT values of the bone mineral standard, the verte-
bral CT value is converted to a physical density.

Most QCT studies are limited to the lumbar spine,
but specialized QCT systems (called peripheral QCT)
have been introduced for measuring the forearm. This
technique offers the advantages of measuring the volu-
metric density of the forearm as well as providing
measures of trabecular, cortical, and integral (trabecu-
lar plus cortical) bone. These scanners are limited to
the forearm and can cost as much as full-table DXA
devices capable of density measurements at multiple
skeletal sites.

When properly performed, QCT can be a useful
clinical tool. The measurement of a purely trabecular
bone sample may have some utility for the diagnosis of
osteoporosis, assessing fracture risk and monitoring
bone changes. There have been relatively few pub-
lished prospective studies regarding the use of QCT
for predicting fracture. The vast majority of prospec-
tive studies have been with DXA. For predicting hip

Figure 8-5. Quantitative computed tomography study
of the lumbar spine. (From Hochberg: Rheumatology,
3rd ed, 2003.)



fracture, it is generally agreed that a direct femoral
measurement using DXA is the best choice. QCT may
offer some advantage in elderly subjects by avoiding
artifact introduced in DXA by the degenerative
changes typically seen at the spine. On the other hand,
it is conceivable that the ability of DXA to measure
both cortical and trabecular bone provides some
advantage for predicting fracture compared with QCT.
Bone strength is influenced by both cortical and tra-
becular bone, so that measurement of both compo-
nents by DXA might provide an advantage.

Quantitative computed tomography shows twice to
three times the change in BMD seen with DXA, either
due to aging or response to therapy. Yet QCT is typi-
cally less precise than DXA. Precision errors with QCT
are reported to be twice to three times as great as for
DXA, because of difficulties with patient positioning,
consistent slice location, system stability, and consis-
tent placement of the region of interest. Thus, any
increased sensitivity of QCT is offset by the increased
precision error of the technique, resulting in no signif-
icant advantage for monitoring changes.

As with DXA, it is essential to use proper quality
control when monitoring changes with QCT. As CT
instruments are designed for imaging and not for
quantitative assessment, it is essential that the stability
of the system be monitored frequently. Acquisition
protocols (tube voltage and current) must be consis-
tent from one examination to another. Daily quality
control measures must be maintained to guard against
drifts in either the x-ray tube or detectors that might
influence the BMD result. All QCT manufacturers
provide tools for monitoring system performance that
should be followed to ensure consistent results.

An additional consideration with repeated use of
QCT is radiation dose (Table 8-2). Compared with
most radiological examination techniques, QCT has a
very low dose, equivalent to that of a mammogram. Yet
a single QCT examination has an effective dose equiva-
lent to 50 to 100 times that of a DXA examination.25

Improperly performed scans (using imaging protocols

rather than BMD protocols) can increase this dose by
another factor of 10. As with all radiological examina-
tions, QCT should be performed only at appropriate
intervals to avoid excess or unnecessary exposure.

In addition to the clinical and technical considera-
tions, there are a few practical issues regarding the use
of QCT. Foremost is the need for a CT scanner. This
limits the use of the technique to radiology facilities
with the proper equipment and available scanner time.
Often, the lack of scanner time can be the most signif-
icant barrier to performing QCT. Daily quality assur-
ance procedures require 15 minutes each day to
monitor the QCT system. The examination itself takes
15 to 30 minutes to perform, including time for patient
preparation and scan acquisition. With competing
pressures for scanner time in many radiology depart-
ments, it can be difficult to find time to schedule
patients for measurement of bone density.

Quantitative Ultrasonography
Ultrasound has been used for many years to investigate
the mechanical properties of various engineering
materials. Several commercial ultrasound devices have
been introduced for investigating bone status, prima-
rily of the heel (Figure 8-6). This technique is termed
quantitative ultrasonography (QUS) to distinguish it
from the more commonly known imaging ultrasound
techniques. Clinical QUS looks at the transmission of
high-frequency sound through bone, whereas pure
imaging ultrasound devices employ sound reflection to
produce their image. More advanced QUS devices do
provide an image, but it is used to identify the meas-
urement region, in much the same way as an image
from a DXA system is used (Figure 8-7).

Quantitative ultrasonography offers the advantages
of small equipment size, relatively quick and simple
measurements, and no need for ionizing radiation.
QUS is most easily performed at skeletal sites with min-
imal and consistent soft tissue covering, such as the cal-
caneus, radius, tibia, patella, and phalanges. QUS is
markedly different from x-ray-based techniques in
employing mechanical vibration, rather than electro-
magnetic waves, to interrogate the bone tissue. The
interaction of high-frequency sound with bone, as with
any material, uses completely different mechanisms
from x-ray techniques.

When measuring the skeleton using QUS, two pri-
mary measurements are obtained—the speed of sound
and the broadband ultrasound attenuation in the site
being measured. Most QUS devices define these
parameters in a unique way. In addition, QUS is not
standardized in terms of sound frequencies, coupling
with the measurement site (water, gel, or a combina-
tion), or methods for signal processing and analysis. Yet,
despite these inconsistencies in instrumentation and
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TABLE 8-2 EFFECTIVE DOSES IN DENSITOMETRY 
COMPARED WITH OTHER COMMON RADIATION SOURCES

Radiation Source Effective Dose (μSv)

Single x-ray absorptiometry 1
Dual x-ray absorptiometry 1-5
Quantitative computed tomography 60
Lateral spine film 700
Natural background (per day) 5-8
Round trip (8-10 h) airplane flight 60

Data from Kalender.25

From Hochberg, Rheumatology, 3rd ed, 2003.
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physical differences from x-ray-based systems, QUS
yields a measurement that is reasonably well correlated
with x-ray BMD values at the same skeletal site, partic-
ularly at the calcaneus.26 However, the correlation of
calcaneal QUS with density measurements at other
skeletal sites is less strong.27 Much of this discrepancy

is due to simple discordance between different skeletal
sites and is not related to technical differences between
QUS and x-ray technology.28

Data from several prospective studies using differ-
ent QUS devices have shown broadband ultrasound
attenuation to be predictive of hip fracture.29-32

Figure 8-6. A, Quantitative ultrasound device for measuring the heel, which incorporates a real-time image for more accurate
assessment. B, Region of interest (ROI) over calcaneus. C, Patient undergoing scan of calcaneus. (From Hochberg: Rheumatology,
3rd ed, 2003.) (See Color Plates.)

CHANGE IN T-SCORES WITH AGE
AT DIFFERENT SKELETAL SITES
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Figure 8-7. Change in T-scores with age at different
skeletal sites. (From Hochberg: Rheumatology, 3rd ed,
2003.) (See Color Plates.)



Furthermore, the predictive ability of QUS appears to
be at least partially independent of x-ray-based BMD
measurements.31 This has fueled interest in QUS as a
measure of bone quality as well as density. Although
the future of QUS appears promising, some questions
remain to be answered. For example, researchers are
still not certain exactly which parameters of the bone
are being measured with QUS.

Comparisons with other BMD techniques indicate
that QUS is measuring a combination of bone density
and some other property of the bone. It has been spec-
ulated that QUS may be measuring a parameter related
to bone structure, such as trabecular size and spacing.
If this is true, then a QUS measurement would be valu-
able in combination with bone density to get a better
measure of the bone status. It also remains to be deter-
mined how QUS can be used to monitor skeletal
response to different therapies. However, the compact
size and non-radiation-based qualities of QUS make it
an attractive choice for population-based screening
programs.

CLINICAL USE OF MEASUREMENTS OF BONE
MINERAL DENSITY

For BMD measurements to be clinically useful, they
must be compared with established normative ranges.
All BMD manufacturers provide normative databases
for this purpose. These databases are derived from
measurements of large groups of men or women of
different ages and races. Comparisons are expressed
either as a percentage of the expected normal value or
as the number of standard deviations (SD) from the
expected normal value. The T-score is the most impor-
tant comparison. The T-score is the number of SD by
which the measured BMD differs from the gender-
matched young normal (YN) value.

For the diagnosis of osteoporosis, the World Health
Organization (WHO) has defined the following crite-
ria for the assessment of osteoporosis based on the
T-score:33,34

• Normal: A BMD not more than 1 SD below YN
(T-score ≥ −1)

• Osteopenia (low bone mass): A BMD between 1 and
2.5 SD below YN (T-score between −1 and −2.5)

• Osteoporosis: A BMD 2.5 or more SD below YN
(T-score ≤ −2.5)

• Severe osteoporosis: A BMD 2.5 or more SD below
YN (T-score ≤ −2.5) and the presence of one or
more fragility fractures.

The WHO definitions were not intended to be used
in the diagnosis of osteoporosis in individuals. They

have nevertheless become commonly used for this
purpose in clinical practice. Several researchers have
pointed out the shortcomings of using T-scores and
the WHO criteria for individual diagnosis.28,35

Figure 8-7 shows a comparison of the age-related
decline in T-scores with different BMD measurements.
The central skeleton, particularly the spine, shows the
largest T-score decline with age. However, there is con-
siderable variation in the T-scores at different skeletal
sites. The normative data cross the −2.5 SD level at age
60 with QCT compared with age 77 for DXA spine
measurements. At age 60, the prevalence of osteo-
porosis using the WHO definition is 50% using QCT
compared with 14% with spinal DXA.

It is clear from Figure 8-7 that some techniques, such
as spinal QCT and lateral DXA, produce T-scores that
are significantly different than those obtained with other
measurements. This is predominantly because of differ-
ences in the normal data from which the T-scores are
derived, resulting in a smaller relative SD for QCT
compared with DXA.28 For this reason, it is now
acknowledged that a single T-score criterion cannot be
universally applied to all BMD measurements.
Specifically, use of the WHO guidelines with lateral DXA
or QCT will result in an overestimation of osteoporosis
and fracture risk. For the diagnosis of osteoporosis, it is
recommended that the lowest T-score from a DXA
measurement of the lumbar spine, proximal femur, or
total hip be used.

WHO SHOULD RECEIVE A BONE MINERAL
DENSITY TEST?

In 1998, the National Osteoporosis Foundation (NOF)
in the United States, in collaboration with 10 other
professional societies, created a set of guidelines for the
use and interpretation of BMD measurements.36 They
recommend BMD measurements for postmenopausal
white women who

• are younger than 65 years and have one or more
additional risk factors for osteoporosis (besides
menopause)

• are 65 and older, regardless of additional risk
factors

• present with fractures
• are considering therapy for osteoporosis, if BMD

testing would facilitate the decision
• have been on hormone replacement therapy for

prolonged periods.

At present, the NOF recommendations are limited to
white women because only limited data are available for
other populations. However, many physicians are
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applying these guidelines to postmenopausal women of
other ethnicities as well. In addition to the NOF recom-
mendations, other high-risk populations should be
considered for measurement. The most evident risk
population includes both men and women presenting
with low-trauma fracture. BMD should be assessed to
confirm the diagnosis of osteoporosis. In addition,
individuals on long-term glucocorticoid therapy
should have BMD assessed based on recommendations
from the American College of Rheumatology.37

Patients taking 5 mg/day of prednisone (prednisolone)
or its equivalent for more than 3 months should receive
a BMD test and be considered for antiresorptive ther-
apy to reduce bone loss associated with steroid therapy.
In addition, men 65 and older, particularly those with
risk factors such as alcoholism or hypogonadism or
with radiographic evidence of bone loss, as well as men
and women taking drugs known to influence bone
density, should be considered for BMD testing.

USE OF BONE MINERAL DENSITY TESTING
TO GUIDE TREATMENT

Treatment guidelines were typically developed for use
with central DXA measurements.36 When applied to
peripheral measurements, particularly in people
younger than 65 years of age, skeletal discordance can
cause significant variation in T-scores between sites.
Because of differences in skeletal aging and normative
data at the different skeletal sites, variations of a full
T-score or more can be expected. Usually, it is the cen-
tral skeleton that will show the first signs of age-related
bone loss, so it is recommended that treatment deci-
sions be based on the lowest T-score at the spine,
femoral neck, or total hip measured by DXA. In
patients with low peripheral T-scores and several addi-
tional risk factors, such as age older than 70, the risk
may be sufficient to warrant treatment based on this
information alone.36

If peripheral densitometry is used for screening, the
concern is that a normal T-score at the heel, hand, or
forearm cannot guarantee that the score at the spine
and/or hip would not be low.38,39 To guard against this
situation, a conservative screening approach should be
used. If the peripheral skeleton yields a T-score of −1.0
or greater, the patient can be considered to be at low
risk. If the T-score at the peripheral skeleton is −2.0 or
lower, the central skeleton will typically be as low, if
not lower, and the patient should be considered at high
risk. For peripheral T-scores between −1.0 and −2.0,
additional measurements should be considered,

including central densitometry. However, additional
risk factors, particularly age and previous fracture
history, should be incorporated in any screening
program. It is also important to recognize that there is
no single BMD measurement, peripheral or central,
that will proper identify all patients at risk for fracture.

CONCLUSION

Although all BMD techniques have clinical utility,
differences in versatility, specifically the ability to
measure both the spine and hip, favor DXA over
other methods. As a result, DXA has become the den-
sitometry technique of choice in many clinical
departments. Although other methods are still used
in some clinics, there is a continued shift to DXA as
the clinical standard. DXA has the primary disadvan-
tage of cost, as commercial units typically cost signif-
icantly more than peripheral DXA (pDXA) or QUS
devices. Because of the advantages of low cost and
portability, peripheral densitometry is often used for
screening programs or in clinics where central densit-
ometry cannot be accommodated.

The proper clinical use of densitometry requires an
understanding of the available techniques, their appro-
priate application, and the potential sources of meas-
urement error. Clinical guidelines recommend that all
women over the age of 65 and all postmenopausal
women with risk factors should have their bone den-
sity assessed. In addition, BMD measurements should
be considered in men 65 years of age and older, indi-
viduals with low trauma fractures, and individuals on
long-term glucocorticoid therapy.

With the advent of smaller, portable devices, bone
density measurements are now widely available. In
particular, ultrasound techniques, which do not use
radiation, have particular promise for widespread
screening applications. Peripheral densitometry alone
cannot adequately address all clinical questions, partic-
ularly the question of monitoring subtle changes in
bone density. Also, although one skeletal site may be
found to have normal BMD, it is possible that the den-
sity at other skeletal sites could be low. In individuals
with multiple risk factors, a moderately low BMD
assessment in the peripheral skeleton should be veri-
fied by scanning another skeletal site, preferably the
spine or hip. For any bone density measurement to be
clinically useful, it must be performed with careful
attention to detail, particularly with regard to instru-
ment calibration, patient positioning, measurement
analysis, and interpretation.
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Osteoporosis is a metabolic disorder that results in a
decrease in bone mineral density (BMD) and an alter-
ation in the trabecular architectural structure.
Osteoporotic bone has decreased mechanical strength,
making it prone to fracture, especially atraumatic verte-
bral fractures and fall-related hip and radius fractures.
Osteoporosis is clinically diagnosed by imaging trabecu-
lar bone at peripheral sites, such as the radius, calcaneus,
or distal femur, to determine BMD. BMD is usually
measured using x-ray or ultrasound imaging tech-
niques. In x-ray imaging (such as dual energy x-ray
absorptiometry [DXA] and quantitative computed
tomography) the image intensity relates to the tissue
mineral density. In ultrasonography, image intensity
reflects the change in frequency and amplitude of the
sound wave traveling through the tissue. X-ray tech-
niques use ionizing radiation, which can have deleteri-
ous effects in sufficient doses. Ultrasonography, though
harmless, provides only a small field of view, which may
limit the accuracy of the measurement. Recent advances
in micro-computed tomography, an x-ray-based three-
dimensional technique, has made it possible to obtain

images of trabecular bone microarchitecture. Another
promising imaging modality for measurement of tra-
becular bone density and quantification of trabecular
architecture is magnetic resonance imaging (MRI). MRI
does not use ionizing radiation and can provide three
dimensional images of the bone structure. Figure 9-1
illustrates different imaging modalities, such as radiog-
raphy, DXA, computed tomography (CT), and MRI,
used to obtain images of the calcaneus.

MAGNETIC RESONANCE IMAGING BASICS

Nuclei with an odd number of protons and neutrons
(such as hydrogen) have a magnetic moment, causing
the nucleus to act like a small magnet in the presence
of an external magnetic field. The magnetic field of the
nucleus aligns in the direction of the external magnetic
field. Magnetic resonance imaging (MRI) uses
radiofrequency (RF) pulses in a magnetic field to alter
the spin of protons in the tissue. Coils detect the
change in net magnetization, which after mathematical
reconstruction provides spatial and compositional

Imaging Bone Structure and
Osteoporosis Using MRI
Sandra J. Shefelbine and Sharmila Majumdar
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Figure 9-1. Sagittal images of
calcaneus using (a) radiography, (b)
MRI, and (c) ultrasonography.1 Axial
CT image of the calcaneus (d) and
sagittal reformat from a stack of
axial slices (e), as in d. (a-c, From
Laugier et al. Calcif Tissue Int
1996;58:328.)
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information of the tissue being imaged. Because clini-
cal MRI usually detects magnetization of hydrogen,
compositional information is limited to molecules
containing hydrogen, such as water, body fat, and cho-
lesterol.

In a MRI scanner, proton spins in the body align in
the direction of the external magnetic field. When an
RF pulse is applied, the proton spins change, altering
the magnetization. The time it takes for the spin to
regain its alignment with the external magnetic field
after the RF pulse is turned off depends on the mole-
cule (size and structure) and its surroundings. By alter-
ing the sequence of the RF pulses and the gradient of
the magnetic field, the location and type of tissue being
imaged can be controlled.

The signal received in an MRI reflects intrinsic fac-
tors of the tissue, either spin density or relaxation
properties of the nuclei. Spin-lattice relaxation time
(T1) is the time it takes a tissue to regain longitudinal
magnetization after a 90-degree RF pulse that makes
the spins perpendicular to the external magnetic field.
T1 is a measure of energy transfer to the surroundings
(lattice) as the proton recovers its normal spin. T1
relaxation times generally are between 300 and 2000
msec. Spin-spin relaxation time (T2) is a measure of
how long the proton spins remain in phase after an RF
pulse. Interaction with other molecules (e.g., diffu-
sion) affects the T2 relaxation time. As natural motion
of the proton increases, such as in liquids, T2
increases. Water, therefore, has a long T2 and appears
white in T2-weighted images (Figure 9-2). T2 relax-
ation times are shorter than T1 and can range from 30

to 150 msec. Inhomogeneities in the magnetic field
can also affect T2. A static internal field (caused by
large, slow-moving proteins or rigid trabeculae, for
example), may additionally alter the local magnetic
environment and affect T2. T2* combines the effects
of molecular interactions (T2) and these field
imhomegeneities. In addition to relaxation times,
more complicated measures may also be obtained
from the MRI signal, such as phase analysis, relaxation
time distribution, and chemical composition. MR
images also can reflect the behavior of tissue water or
fat alone. Figures 9-3 and 9-4 show radiographs and
MR images of a proximal femur and a vertebral col-
umn, respectively. In fat suppression, the signal from
the fat in the bone marrow is suppressed, allowing
visualization of the bone marrow edema that accom-
panies trabecular bone fracture.

Bone tissue has low water content, extremely short
T2, and thus relatively low MR signal, and therefore
appears black in most MR images. The bone marrow in
trabecular bone, however, has sufficient water and fat
content to provide MR signal. The trabecular bone net-
work may alter the properties of the marrow by creat-
ing magnetic inhomogeneities at the bone-marrow
interface. Trabecular structure can be imaged by relax-
ometry, which measures the change in marrow proper-
ties due to trabecular structure, or by direct
visualization of the black trabecular network. The effect
of the trabecular network on marrow magnetic proper-
ties are more prominent in T2* than in T1 images.1 The
inhomogeneities at the bone-marrow interface are
dependent on the density of the trabecular structure,

Figure 9-2. Sagittal images of the
spine. A, T1-weighted image. 
B, T2-weighted image.
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the size of the trabeculae and trabecular spaces, and the
field strength. In general, a denser network results in
shorter T2* relaxation times due to more bone-marrow
interfaces and increased inhomogeneities.2-6

The sequence and timing of RF pulses determine the
image contrast. Common sequences in bone imaging
include the spin-echo and gradient-echo sequences. An
“echo” reverses the spin, which refocuses the magneti-
zation and in effect cancels out external magnetic field
inhomogeneities, which are intrinsic in the magnet of
the scanner. In a spin-echo sequence a 90-degree pulse
is followed by a 180-degree RF pulse, which produces
the echo. In gradient echo sequences, the magnetic field
is reversed to create the echo. The echo time (TE) is the
time between the original RF pulse and the peak echo

signal. The type of sequence affects the appearance of
the trabecular structure. In both spin and gradient echo
sequences, the dimensions of the trabeculae may be
amplified due to differences in magnetic susceptibility
(the amount a material becomes magnetized in a mag-
netic field) between the marrow and bone.7,8 The
amount of distortion artifact is dependent on TE, with
longer TEs resulting in more distortion.9 In addition,
gradient-echo sequences produce more susceptibility
artifacts than spin-echo sequences.3,9 Representative
images of the distal radius are shown in Figure 9-5.
Spin-echo sequences, however, require a considerably
longer scan time and require in vitro samples or smaller
fields of view (such as the finger and wrist) because of
signal-to-noise and total imaging time considerations.8

RadiographA Fat suppressed MR imageB

Radiograph T1 weighted Fat suppressed

90
SP
SL
FoV

SP
SL
FoV

SP
SL
FoV
  374

SP
SL
FoV
  374

W
V
C
V
C

Figure 9-3. Radiograph (a) and 
fat-suppressed MR image 
(b) illustrating proximal femur
fracture.

Figure 9-4. Images of fractured
vertebral column. In the T1-weighted
image the fracture appears dark,
whereas in the fat suppressed image,
the fracture appears white.
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Therefore, in vivo imaging of trabecular bone typically
is performed using gradient-echo sequences with TEs
as short as possible. Alternatively, a fast large-angle spin
echo sequence can be used which uses an initial RF
pulse greater than 90 degrees. The following 180-degree
pulse then partially restores the longitudinal magneti-
zation and reduces the time to repeat, making the spin-
echo faster.10

Susceptibility artifacts are one of the limitations in
imaging trabecular bone with MRI. The typical maxi-
mum resolution of a 1.5 T scanner is 78 to 200 μm in-
plane and 400 to 1000 μm out-of-plane (slice
thickness).11 Trabeculae are the same dimensions as
the in-plane resolution, resulting in partial volume
effects, in which the depiction of a trabecula in the
image is a projection or average of multiple trabeculae.
As a result, the trabecular measures obtained from
MRI are different than those obtained with histomor-
phometry or micro-CT at higher resolutions (20 μm).

The magnetic field strength of the scanner affects the
resolution and acquisition time of the scan. A 1.5 T
magnet is the standard scanner used clinically and can
provide a maximum resolution of approximately 150 ×
150 × 250 μm.12 With high-resolution MRI requiring a
stronger magnetic field strength (7-9.4 T) and a small-
bore (limited to in vitro scans), resolutions can be
improved to 50 × 50 × 100 μm.8 Nuclear magnetic res-
onance imaging has even a smaller field of view (2-12
mm) but can obtain isotropic resolutions as high as 10
μm. Nuclear magnetic resonance imaging can addi-
tionally determine chemical shift, making it possible to
establish distribution of a given chemical.13 Generally,
higher magnetic field strength improves signal-to-
noise ratio, scan time, and image quality, but often
with limited field of view and other factors such as tis-
sue susceptibility to consider.14

IMAGE PROCESSING TECHNIQUES

After obtaining an MR image, preprocessing of the
image is usually required to improve the signal-to-
noise ratio and image quality and make it possible to

differentiate marrow from bone trabeculae. Pre-
processing may include coil correction, noise reduc-
tion, motion correction, and thresholding. Coil
correction is required to correct spatial variations in
the sensitivity of the detection coil, as tissue close to the
coil usually appears brighter than tissue further away
from the coil. Coil correction algorithms depend on
the structure of the specific coil. Coils that completely
surround the object being scanned (e.g., bird-cage
coil) provide sufficient in-plane homogeneity, making
longitudinal correction sufficient. In surface coils,
which may not provide in-plane homogeneity, a low-
pass filter–based coil correction scheme is necessary
(Figure 9-6).15,16

Noise reduction improves the signal-to-noise ratio
and can be accomplished using a median low-pass fil-
ter, in which the median of the pixels in a certain ker-
nel size (e.g., 3 × 3 pixels) surrounding a pixel becomes
the new filtered value for the pixel.11 A low-pass filter
removes high-signal noise while preserving the low-
signal data. The kernel median allows edge detection,
whereas the kernel mean would smooth the data and
blur the edges. Hwang and associates17 proposed a his-
togram deconvolution method to obtain a noiseless
histogram for trabecular bone. In this method, a prob-
ability distribution of the noise (e.g., gaussian) and an
initial estimate of the noiseless histogram are assumed
to predict a histogram. The predicted histogram is iter-
atively improved by comparing it with the measured
histogram. The noiseless histogram and raw image are
used to produce a noiseless image. Others have pro-
posed wavelet-based thresholding that allows more
local noise reduction while retaining relevant detail
information.18-20

Imaging trabeculae on the order of 100 μm means
that a small amount of motion will affect the image.
Various techniques have been devised to correct for
motion artifacts. Navigator correction alters the echo
sequence, adding echoes to sense small displace-
ments.21 The data are corrected in k-space by analyzing
the phase shift and adjusting for translational motions.
Studies have shown that navigator correction improves

Spin-echo sequence Gradient-echo sequenceA B

Figure 9-5. Axial images of the
calcaneus using (a) spin-echo and 
(b) gradient-echo sequences.
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reproducibility and accuracy of trabecular bone
parameters.22 Retrospective motion correction can also
be performed with autofocusing (Figure 9-7).23,24 This
technique applies trial phase shifts to the data and
compares the resulting image with the original. An
entropy focusing criterion is applied to minimize the
amount of entropy in the image and obtain maximum
contrast.

Perhaps the most critical preprocessing step is
thresholding, which allows delineation of the trabecu-
lae and the marrow. Because the resolution of in vivo
MR images is on the same scale as the trabecular width,
partial volume effects occur. In partial voluming, a sin-
gle voxel may contain signals from multiple tissue
types. The voxel intensity is the average signal from the
various tissues. The histogram of trabecular bone,
therefore, is not bimodal with marrow and bone peaks,
but rather monomodal, with a peak intensity between

the values of marrow and bone. Various thresholding
methods have been established to segment the bone
from the marrow where partial volume effects are an
issue. Majumdar and associates11 proposed a dual
thresholding method in which the threshold for bone
was a mean pixel value taken in the cortical shell and
the threshold for marrow was the lower signal intensity
at which the histogram reached one-half its peak.

Link and associates25 compared global and local
thresholding methods. Global thresholding applies the
same threshold throughout the entire image. The disad-
vantage of global thresholding is that images of a dense
trabecular structure appear completely black, whereas
images with a sparse trabecular structure appear white.
Using local thresholding, the intensity of a square region
surrounding a pixel is averaged. If the central pixel has
an intensity lower than the average, it is considered
bone; higher than average pixels are considered marrow.

Original Coil correctedA B

Figure 9-6. Effects of coil correction
on sagittal images of the calcaneus.
Coil correction equalizes the fat and
marrow intensities throughout the
visible bone.

Figure 9-7. Coronal images of the
shoulder. A, Original image
corrupted by motion. B, After
motion correction.



Local thresholding is not affected by bone density but is
dependent on noise in the image. It was found that
global thresholding was more accurate in calculating
trabecular thickness and local thresholding was more
accurate in predicting trabecular spacing.

Wu and colleagues26 introduced a bayesian approach
to segment bone from marrow in which each voxel was
divided into subvoxels. The local tissue environ-
ment influenced the distribution of bone and marrow
within the subvoxels with a Gibbs distribution model-
ing the interaction between subvoxels. This approach
improves segmentation but has only been performed
on images from small-bore nuclear magnetic reso-
nance microscopy machines and has yet to be applied
to clinical scans. Hwang and colleagues27 proposed a
spatial autocorrelation analysis that also used the local
tissue environment to determine the probability of
finding bone at specified locations. This method was
used to analyze images at in vivo resolution (voxel size
of 156 × 156 × 391 μm3). Similarly, a relaxation label-
ing process that takes into account the spatial con-
text, in particular local contextual information (as
in Markov fields), was used by Antoniadis and col-
leagues28 to segment trabecular bone. Each pixel was
assigned a probability of being bone or marrow and
then iteratively updated according to the local and sur-
rounding segments until the probability of each pixel
was either 1 or 0. Thresholding using one of these tech-
niques results in a binarized image that consists of only
bone or marrow voxels.

POST-PROCESSING: ARCHITECTURAL
PARAMETERS

Bone mineral density and trabecular structure together
determine the mechanical strength of trabecular bone.
The main objective of imaging trabecular bone struc-
ture is to determine morphological parameters of the
trabecular architecture. These morphological parame-
ters may help to determine the efficacy of therapeutic
treatments for osteoporosis and predict individuals at
risk for bone fracture. Standard histomorphometric
measures of bone structure include bone volume frac-
tion (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), and trabecular spacing (Tb.S). These
parameters have been adapted to analyze MR images
of trabecular structure.

Because the resolution of in vivo MR images is on the
same scale as trabecular dimensions, these histomor-
phometric parameters are the measures of the trabecu-
lae projected across the slice thickness. Majumdar and
coworkers11 introduced “apparent” measures, indicat-
ing that the morphometric measures obtained from
in vivo MR images may not be exactly equivalent but
are related to those obtained from higher resolution

modalities. It was found that trabecular spacing and
trabecular number are relatively independent of resolu-
tion.29 Trabecular thickness, however, was strongly
dependent on resolution, with lower resolutions result-
ing in thicker trabeculae.

A three-dimensional distance technique was intro-
duced by Hildebrand and Rüegsegger to determine
mean thickness by fitting spheres within the struc-
ture.30 This measure was able to distinguish between
trabecular bone composed of a greater percentage of
plates or rods.30 It has also been used to calculate his-
tomorphometric parameters such as app.Tb.Th and
app.Tb.Sp from MR images.14,31 The morphological
parameters calculated using the distance technique
correlated well with those calculated using the mean
intercept length.14

Because osteoporosis is believed to result in a thin-
ning of trabeculae and loss of trabecular connectivity,
measures of connectivity are important in determining
osteoporotic bone quality. Connectivity measures have
been established to measure the degree of connectivity
of the trabecular network in trabecular bone.32,33

Connectivity indicates the maximum number of
branches that can be broken before the structure is sep-
arated into two parts. It is a topological invariant, which
means it does not change if the structure is stretched,
bent, twisted, or subjected to other rubber-like defor-
mation. Connectivity can be calculated in terms of the
Euler characteristic. Previous studies have used the
Euler number to analyze MR images of trabecular bone
and found that connectivity can vary between regions
within a bone34 and is significantly correlated with bone
density and bone volume fraction.9,35,36

Fractal dimensions are a measure of the self-similar-
ity of a structure over different scales and have also
been used to characterize trabecular architecture.
Fractal dimension (D) can be determined using a box-
counting technique in which a grid of boxes is super-
imposed on the trabecular structure.37-39 The number
of boxes (N) that contain trabeculae is determined for
various sizes (ε) of grids. Other investigators have used
analysis based on brownian motion to estimate the
Hurst exponent (H), which indicates whether the struc-
ture is random or contains patterns, and derived the
fractal dimension from H.40 Studies found that fractal
dimension decreased with age,11,37 was significantly
lower in patients with vertebral compression fracture37

and hip fracture,41,42 and was not correlated with
BMD.41,43 Interestingly, it was found that fractal dimen-
sion was not different between subjects with osteopenia
and those with osteoporosis but was nonetheless an
independent predictor of bone failure strength.43 It has
been proposed that a decrease in fractal dimension is
related to a disorganization of trabecular architecture
and loss of connectivity.40
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Pothuaud and coworkers44,45 proposed further clas-
sification of the trabecular architecture using a skele-
ton graph of the trabecular network. The skeleton
graph preserved topographical equivalence with the
original network, meaning the connectivity did not
change as the trabeculae were thinned to 1 pixel width.
This method provides further insight into the influence
of connectivity on overall trabecular structure. Others
went on to classify the connectivity in terms of curves,
surfaces, and junctions of the two.46,47 They found that
parameters from this digital topological analysis corre-
lated well with bone volume fraction and measures of
mechanical integrity, such as Young modulus.

Trabecular bone structure is anisotropic, and archi-
tectural measures may, therefore, differ depending on
the orientation. Spatial autocorrelation analysis48,49 is
a method to quantify not only the distance between
trabeculae but also how this varies with respect to
orientation (i.e., the amount of anisotropy). The
autocorrelation function is a measure of the probabil-
ity of finding bone n pixels away from a certain pixel
and is equal to the product of the bone volume frac-
tions for the two pixels. Parameters derived from the
autocorrelation function provide measures of the
structure’s alignment perpendicular to the slice plane
(tubularity) and distribution within the slice plane
(transverse contiguity). One advantage of autocorrela-
tion analysis is that it does not depend on thresholding
or binarizing the images into bone and marrow. It was
found that autocorrelation function measures of
anisotropy correlate well with Young modulus and are
different for normal and osteoporotic trabecular
bone.27,48 The scaling index method has also been used
to measure nonlinear structural information from
nonbinarized trabecular bone images.50 The scaling
index (α) is a measure of the isotropy of the structure,
with larger values of α indicating a more random
structure. The scaling index correlated better with

mechanical strength and BMD than traditional histo-
morphometric measures.

COMPARISON WITH OTHER IMAGING
MODALITIES

Several studies have explored how MR images com-
pare with other imaging modalities in determining
structural parameters (Table 9-1). Hipp and col-
leagues51 and Hopper and colleagues52 used small-bore
MRI with resolutions of 92 × 92 × 92 μm3 and 23 × 23
× 39 μm3, respectively. All other studies were per-
formed on 1.5 or 3 T scanners with in-plane resolution
of 100 to 150 μm and a slice thickness of 300 μm on
in vitro bone cubes. Weber and associates53 compared
MR in vivo and in vitro trabecular bone images from
mice with histological sections. They found that
parameters derived from in vivo images correlated bet-
ter with histological parameters than did in vitro
images and attributed the difference to the better MR
signal from bone marrow than formalin. These studies
indicate that MR-derived architectural parameters
correlate well with measures taken at much higher res-
olutions. In general, MR tended to overestimate
BV/TV and Tb.Th and underestimate Tb.Sp due to
partial volume effects.

Architectural parameters have also been compared
with BMD and mechanical strength in the radius,43 lum-
bar vertebrae,54 femur,55 and calcaneus,56 and among
various sites.36 In these studies, correlation coefficients
for BV/TV, Tb.Th, and Tb.N with BMD or mechanical
strength were between 0.5 and 0.8. All studies found
that Tb.Sp had a correlation coefficient with BMD or
mechanical strength of −0.5 to −0.6, indicating that the
spacing between the trabeculae increases as BMD and
mechanical strength decrease. Studies also found that
combining BMD and trabecular structural parameters
improved correlations with mechanical strength.

TABLE 9-1 CORRELATION OF MAGNETIC RESONANCE IMAGING–DERIVED TRABECULAR PARAMETERS
WITH THOSE DERIVED FROM OTHER IMAGING MODALITIES

Imaging Modality Bone Type Correlation Coefficients* Study

BV/TV Tb.Sp Tb.N Tb.Th

X-ray tomographic microscopy (18 μm) Distal radius n.s. n.s. n.s. 0.87 Majumdar et al77

Optical images (23 μm) Bovine (various) 0.9 0.85 0.73 – Hipp et al51

Optical images (20 μm) Calcaneus, femur 0.69 0.89 0.78 n.s. Majumdar et al36

Scanning electron microscopy (20 ×) Rat femur 0.72 0.82 0.91 0.89 Hopper et al52

Macro section radiograph (5 μm) Distal radius 0.67 0.59 n.s. 0.66 Link et al78

Macro section radiograph (5 μm) Calcaneus 0.63 0.58 n.s. 0.68 Vieth et al79

CT (247 × 247 × 1000 μm3) Distal radius 0.72 0.49 0.47 0.57 Link et al78

Micro-CT (22 μm) Femoral head 0.9 0.92 .90 .82 Sell et al14

*All values are statistically significant with P < .05. See text for definitions of BV/TV, Tb.Sp, Tb.N, and Tb.Th.

CT = computed tomography; n.s. = not statistically significant.
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IN VIVO IMAGING IN HUMANS

Dual x-ray absorptiometry is the gold standard for diag-
nosing osteoporotic bone; however, it only provides an
areal measure of bone mineral density. Multi-slice CT
can be used for volumetric BMD and structural meas-
urements. Both DXA and CT require ionizing radiation
and should be used in limited amounts. Though MRI
cannot provide measures of BMD, it can provide tra-
becular bone structural measures and does not require
radiation. Studies have examined the trabecular struc-
ture in the calcaneus of normal and osteoporotic
women and found that structural parameters (especially
BV/TV, Tb.Sp, Tb.N, and connectivity measures) were
significantly different between normal samples and
osteoporotic trabecular bone (Figure 9-8).41, 57, 58 The

same was found to be true in the calcaneus of normal
and osteoporotic men.59 Similar results were obtained in
the radius of premenopausal subjects, postmenopausal
normal subjects, and postmenopausal patients with hip
fractures.11 Tb.Sp demonstrated the largest change with
age, increasing significantly in postmenopausal women
with hip fractures. Benito and coworkers60 detected
bone loss in hypogonadal men using MRI. They found
that the ratio of plates to rod (surface voxels to curve
voxels in their analysis) and bone volume fraction
decreased in hypogonadal men. Correspondingly, the
erosion index, a combination of topological parameters
that increases as bone architecture deteriorates, was
higher in men with hypogonadism.

Magnetic resonance imaging has been used to measure
structural bone changes in steroid-induced osteoporosis
in patients after renal and cardiac transplantation.61

Structural parameters were significantly lower (except
for Tb.Sp, which was higher) after cardiac transplanta-
tion due to the altered bone metabolism caused by
immunosuppressive drugs. Large pre- and post-trans-
plantation differences in structural parameters were not
seen in renal patients, probably because renal failure can
alter bone metabolism and trabecular structure before
transplantation occurs. Chesnut and coworkers62 have
published the first longitudinal study showing that nasal
spray calcitonin preserves trabecular bone microarchi-
tecture in the distal radius.

IMAGING IN ANIMAL STUDIES

Magnetic resonance imaging also has been used to
measure structural parameters in animal models of
osteoporosis. Jiang and associates63 treated an ovariec-
tomized sheep model of osteoporosis with salmon cal-
citonin, an osteoclast inhibitor, to determine whether
structural parameters in the neck of the femur could be
maintained. It was found that BV/TV and Tb.N
decreased and Tb.Sp increased in ovariectomized
sheep. Structural parameters of sheep treated with
salmon calcitonin were equivalent to sham operated
sheep. Small-bore micro-MRI has been used to study
osteoporotic bone structure in ovariectomized rats.64

Analysis of MR images revealed differences in osteo-
porotic trabecular structure that DXA could not detect.

Takahashi and associates65 have investigated the effects
of corticosteroids on bone structure in rabbit femurs
using magnetic resonance microimaging (μMRI). They
found that short-term, high-dose administration of cor-
ticosteroids resulted in a decrease in trabecular bone vol-
ume through trabecular thinning with little change in
trabecular network, trabecular number, or trabecular
spacing. Using MR spectroscopy, they also determined
that hematopoietic bone marrow was converted to fatty
marrow in rabbits treated with corticosteroids.

35 year old 76 year old with fracture
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Figure 9-8. Axial MR images of the distal radius (156 × 156 ×
500 μm). A, Nonosteoporotic 37-year-old subject. 
B, Osteoporotic 76-year-old subject with radial fracture. Note
the thinning of the trabeculae and loss of trabecular bone
volume. The figure on the right illustrates pre- and post-
menopausal decreases in bone fraction in the radius as one
moves from the joint line into the shaft.
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FUTURE DIRECTIONS

Recent advances in micro-CT imaging in vivo66,67

make it possible to obtain radius and tibia images
using this methodology. However, comparative stud-
ies, in vivo case-control studies, and longitudinal stud-
ies using micro-CT in vivo in humans have not been
undertaken and are clearly warranted. MRI has proved
to be a valid method for analyzing trabecular structure
and offers distinct advantages over other imaging
modalities. Besides being nonionizing and providing
the ability to image skeletal sites such as the calcaneus,
hip, tibia, and femur, it offers the advantages of char-
acterizing bone and the adjoining soft tissues.

In particular, MRI can visualize soft tissue, such as
cartilage, muscle, marrow, and meniscus, which is not
possible with x-ray–based imaging modalities.
Understanding the relationship between bone and car-
tilage is critical, particularly in cases of arthritis or
injury. It has been found that degradation of cartilage
on one compartment of the knee corresponds with a
loss of trabecular structure in the other compartment,
which is probably linked to mechanical load between
the compartments.54,68

Most MR images display proton signals from water
or fat. It is possible, however, to detect signals from
other molecules in a technique called MR spectroscopy.

This technique has been used to a limited degree in
bone imaging, in particular to visualize phosphorus in
cortical and trabecular bone69 and lipids in the red bone
marrow in hematological diseases.70 It has also been
suggested that MRI can be used to detect the increase in
lipid-to-water ratio in the vertebral bodies in patients
with osteoporosis.71

The combination of MRI and finite element analysis
has been used to determine mechanical properties of
trabecular bone.72-74 This allows the in vivo estimation
of mechanical properties, which are usually deter-
mined by in vitro compression testing. In finite ele-
ment models derived from MR images, it is possible to
incorporate soft tissue structures in the mode, which
would be useful not only in mechanobiological models
of tissue differentiation and bone remodeling75 but
also in models of fracture healing in which cartilage
formation is critical to the process.76

Bone quality has been an emerging concept in the
area of osteoporosis. Trabecular bone microarchitec-
ture, bone geometry, and associated marrow changes
in osteoporosis can all be probed using MRI. Thus, MR
techniques have the potential for providing a complete
whole-organ assessment of skeletal status in osteo-
porosis, and further developments in this imaging
modality and research studies are clearly warranted.
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Figure 10-1. The different components of bone strength and the pivotal role of bone turnover in their regulation.

Osteoporosis is a systemic disease characterized by a low
bone mass and microarchitectural deterioration of bone
tissue, with a consequent increase in skeletal fragility
and susceptibility to fracture.1 This definition implies
that the diagnosis can and probably should be made
before any fragility fracture has occurred, which is a real
challenge for the clinician. The level of bone mass can be
assessed with adequate precision by measuring bone
mineral density (BMD) using dual x-ray absorptiometry
(DXA). This measurement does not capture all risk fac-
tors for fracture, however. Bone fragility also depends
on the morphology, the architecture of bone, and the
material properties of the bone matrix that cannot be
readily assessed, all of these components being regulated
by bone turnover (Figure 10-1). Consequently, it has
been suggested that bone strength may be reflected,
independently of BMD level, by measuring bone
turnover using specific serum and urinary markers of
bone formation and resorption. Bone turnover markers
have also been suggested to be useful to monitor the
efficacy of treatment, especially anticatabolic treat-

ments (hormone replacement therapy, bisphospho-
nates, and calcitonin), but also more recently anabolic
therapy, including parathyroid hormone. In this chap-
ter, we briefly review the new developments in
biochemical marker biochemistry and technology and
then discuss their use for the management of post-
menopausal osteoporosis.

BIOCHEMICAL MARKERS OF BONE
TURNOVER

Bone remodeling is the result of two opposite activi-
ties, the production of new bone matrix by osteoblasts
and the destruction of old bone by osteoclasts. The
rates of bone production and destruction can be eval-
uated either by measuring predominantly osteoblastic
or osteoclastic enzyme activities or by assaying bone
matrix components released in the bloodstream and
excreted in the urine (Table 10-1). These have been
separated into markers of formation and resorption,

Biochemical Markers of Bone Turnover
Patrick Garnero
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but it should be kept in mind that in disease states in
which both events are coupled and change in the same
direction, such as osteoporosis, any marker will reflect
the overall rate of bone turnover. Current bone mark-

ers cannot discriminate between turnover changes in a
specific skeletal envelope, that is, trabecular versus cor-
tical, but reflect whole body net changes. Increasingly
specific biochemical markers for bone remodeling
have been identified in recent years.2 At present, in
osteoporosis the most sensitive markers for bone for-
mation are serum total osteocalcin, bone alkaline
phosphatase, and the procollagen type I N-terminal
propeptide (PINP). For the evaluation of bone resorp-
tion, immunological assays of pyridinium cross-links
of collagen (pyridinoline [PYD] and deoxypyridino-
line [DPD]) have superseded total pyridinoline assay
by high performance liquid chromatography in clinical
routine practice, although high performance liquid
chromatography or enzyme-linked immunosorbent
assays for total DPD remains a valuable marker in clin-
ical research. Immunological assays are now available
for PYD and DPD in urine and for C-terminal and N-
terminal cross-linked telopeptides of type I collagen
peptides (CTX, ICTP, and NTX, respectively) in serum
or urine (Figure 10-2). Most of these biochemical
marker assays are now available on automatic plat-
forms with increased precision over manual assays and
high throughout, which allow convenient accurate
measurements in large number of individuals.

The different collagen-related markers can respond
differently with diseases and treatments. It has been
shown that although the urinary excretions of cross-
linked CTX and NTX peptides markedly decrease after
treatments with either estrogen or bisphosphonate treat-
ment, urinary free cross-links (PYD and DPD) show a
significant response with estrogens or selective estrogen
receptor modulators but do not change or only modestly
change after bisphosphonate treatment.3 Serum and

TABLE 10-1 BIOCHEMICAL MARKERS OF 
BONE TURNOVER*

Formation Resorption

Serum/Plasma
Total and bone-specific Tartrate resistant acid 

phosphatase (TRAP, 5b 
isoenzyme)

alkaline phosphatase N-terminal (S-NTX) and 
(bone ALP) C-terminal (S-CTX) 

cross-linking telopeptide 
of type I collagen

Intact and total C-terminal cross-linking 
osteocalcin (OC) telopeptide of type I 

collagen generated by  
MMPs (CTX-MMP)
Urine

Type I collagen extension Pyridinoline (PYD)
propeptides (PICP, PINP) Deoxypyridinoline (DPD)

U-NTX
U-CTX
Type I collagen helicoidal 
peptide 620-633
Galactosyl-hydroxylysine
Hydroxyproline (Hyp)
Mid-region osteocalcin 
fragments

* The markers with the most established performance characteristics

in osteoporosis are in bold type.

NTX ICTP CTX-I

Cat K MMP-2, 9, 13, 14 Cat K Cat K Cat K

α2 (I) JYDGKGVG GPP-SAGFDFS FLPQPPQ EKAHDGGR α 1

N C

APGDRGEPGPPGPA α1
620 633

Helical
peptide

Figure 10-2. Schematic representation of the different type I collagen peptides used as markers of bone resorption and sites of
cleavage by cathepsin K (cat K) and matrix metalloproteases (MMPs) on type I collagen. The NTX epitope and CTX epitopes in the
N- and C-telopeptide regions, respectively, are efficiently generated by cat K, the main enzyme responsible for type I collagen
degradation in physiological conditions, but not by MMP ,which have been proposed to participate in bone resorption in
physiological conditions but also in metastatic processes. In contrast, ICTP epitope is destroyed by the action of cat K and is
generated by MMPs, especially MMP 2 and MMP 13.
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urine CTX and NTX levels are markedly increased in
postmenopausal women with osteoporosis, and their
values decrease markedly and rapidly with antiresorptive
therapy. This is in contrast with the slight and nonsignif-
icant modifications of another C-telopeptide fragment
ICTP in these two conditions.4 In contrast, serum ICTP
is a sensitive marker in other pathological conditions,
including malignant bone diseases and rheumatoid
arthritis.5-7 These different responses are likely to result
from differences in the enzymatic pathways leading to
the release of CTX/NTX and ICTP from bone type I
collagen (see Figure 10-2). It has been shown that the
epitope of ICTP is destroyed by cathepsin K activity,8

an osteoclastic-specific cysteine protease that is the key
enzyme responsible for bone collagen degradation in
normal physiological conditions, whereas it is gener-
ated by matrix-metalloproteases,9 whose activity has
been suggested to play an important role in collagen
degradation associated with pathological bone degra-
dation, including bone metastases and arthritis (see
Figure 10-2). In contrast, CTX and NTX epitopes are
highly efficiently generated by cathepsin K and not by
matrix-metalloproteases.9,10

More recently, new biochemical markers and assays
have emerged. These include immunoassays for serum
tartrate resistant acid phosphate (TRACP), which prefer-
entially detect the isoenzyme 5b, predominantly
expressed by the osteoclast.11,12 In contrast to type I col-
lagen related markers, TRACP 5b isoenzyme is likely to
represent mainly the osteoclast number and activity and
not directly the rate of bone matrix degradation,
although in osteoporosis TRACP 5b was found to corre-
late with NTX and DPD.13 Recent studies have also
found that plasma TRACP 5b is increased in post-
menopausal women, is associated with fracture risk in
one study,14 and was found to decrease with treatment by
hormone replacement therapy.13 TRACP 5b may be of
particular interest to evaluate increased osteoclastic activ-
ity in women with breast cancer and bone metastases.15

Currently, the available markers of type I collagen
degradation are based on the measurement of pyridi-
noline cross-links or associated cross-linked C- or 
N-telopeptides, both originating from the telopeptide
region. More recently, it has been isolated from urine
of patients with Paget disease of the bone, a type I col-
lagen-specific peptide corresponding to residue 620 to
633 of the helicoidal region of α1 chain (see Figure 10-2).
The urinary excretion of this peptide is likely to reflect
the destruction of the main part of the collagen mole-
cule and could reflect aspects of bone resorption other
than the telopeptide derived fragments. We found that
the urinary excretion of that helicoidal peptide
increased markedly after menopause and was as sensi-
tive as urinary CTX measurements to assess the antire-
sorptive effects of bisphosphonate and estrogens.16

Additional studies are required to fully evaluate the
clinical utility of this biochemical marker, especially
for fracture risk prediction.

Although most of newly synthesized osteocalcin is
captured by bone matrix, a small fraction is released
into the blood, where it can be detected by immunoas-
says and is currently considered as a specific bone for-
mation marker. Circulating osteocalcin is composed of
different immunoreactive forms, including the intact
molecule but also various fragments.17 It has been
shown that the majority of circulating fragments arises
from the in vivo degradation of the intact molecule
and thus also reflects bone formation.17 However,
some of these fragments could also be released from
the degradation of bone matrix, resistant to the glom-
eral filtration and accumulated in urine.18 Using urine
samples from patients with Paget disease, a peptide was
recently isolated that corresponds to the mid-14-28
molecule sequence of human osteocalcin, and an
immunoassay has been developed. Elevated levels of
urinary osteocalcin were reported in osteoporotic
postmenopausal women.19 After only 30 days of treat-
ment of osteoporotic women with the bisphosphonate
alendronate, urinary osteocalcin levels decreased by
27% (P = .0059), a decrease similar to that obtained
with the type I collagen resorption markers CTX, NTX,
and deoxypyridinoline. This early response of urinary
osteocalcin contrasted with the absence of changes in
serum osteocalcin and alkaline phosphatase, suggesting
that this urinary marker may reflect bone resorption.19

More recently, antibody-detected isomerized fragments
of osteocalcin have also been developed that are
believed to reflect the degradation of aged-bone matrix.
Urinary excretion of isomerized osteocalcin also
decreased 10 days after a single intravenous injection of
zoledronate in patients with Paget disease, contrasting
with the absence of changes of serum total osteocal-
cin.20 From a theoretical point of view, urinary osteo-
calcin fragments may be more specific for bone
resorption than type I collagen related markers,
although their clinical value in osteoporosis remains to
be more extensively evaluated. Interestingly, a recent
study showed that increased urinary osteocalcin, but
not serum total osteocalcin, was associated with
increased risk of clinical vertebral fracture independent
of BMD in a large prospective study of elderly women.14

POST-TRANSLATIONAL MODIFICATIONS
OF BONE MATRIX PROTEINS

Type I collagen, the main organic component of bone
matrix, undergoes a series of enzymatic and non-
enzymatic intra- and extracellular post-translational
modifications (Figure 10-3). Among the enzymatic
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modifications, biochemical studies performed on
human bone specimens have shown that overhydroxy-
lation of lysine residues, overglycosylation of hydrox-
ylysine, and a reduction in the concentration of
nonreducible cross-links can be associated with
reduced bone strength.19-22 In human vertebral speci-
mens, Banse and colleagues25 analyzed the content of
immature (hydroxylysononorleucine and dihydrox-
ylysinorleucine) and mature cross-links (PYD, DPD,
and pyrolle). They showed that the ratio of PYD to
DPD was significantly associated with the compressive
biomechanical properties of the vertebrae independ-
ently of BMD, suggesting that type I collagen cross-
linking may be a determinant of bone strength.
Nonenzymatic modifications of collagen could also
play a role in the mechanical properties of bone tissue.
For example, Wang and associates26 showed that the
pentosidine concentration of human femoral bone, an
index of nonenzymatic advanced glycation end prod-
ucts, increases with age and that higher levels are asso-
ciated with decreased bone strength. This suggests that
nonenzymatic glycation of collagen could lead to alter-
ations of the biomechanical properties bone that may
ultimately result in increased skeletal fragility.

Beta-isomerization of the aspartate (D) residue of the
1209AHDGGR1214 sequence (CTX) of the C-telopeptide

of type I collagen is another nonenzymatic post-trans-
lational modification more recently investigated.27

Histological studies have shown a decreased degree of
type I collagen isomerization within the woven pagetic
bone, a tissue characterized by increased fragility.28

Alterations of the degree of bone type I collagen iso-
merization can be detected in vivo by the differential
measurement of native (α) and isomerized (β) CTX
fragments in urine. In patients with Paget disease of the
bone it has been shown that the urinary excretion of α
CTX was markedly increased compared with β CTX,
resulting in an abnormal α/β CTX ratio.28 The relation-
ships between these two isoforms can be normalized
after treatment with bisphosphonates,29,30 (Figure 10-4)
a treatment that has been shown to result in the forma-
tion of a bone matrix with normal lamellar structure.
The investigation of type I collagen isomerization may
also be of clinical relevance in cases of postmenopausal
osteoporosis. In the OFELY prospective study, we
found that the urinary ratio between native and β-
isomerized CTX was significantly associated with
increased fracture risk, independent of both the level of
hip BMD and the bone turnover rate measured by
serum bone ALP (Table 10-2).31,32 It has also been
shown that the various antiresorptive treatments,
including bisphosphonates and selective estrogen

Lysyl
oxydase

Immature divalent
cross-links

Mature trivalent
cross-links

-Lys
-OH-Lys

-DHLNL
-HLNL

-PYD/DPD
-Pyrrole

N

“Advanced glycation end products, (AGE)
e.g., Pentosidine (PEN)

C

Isomerization

EKAH D GGR
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Lys

Arg

“

Figure 10-3. Schematic representation of the extracellular post-translational modifications of type I collagen in bone. Type I
collagen is constituted by the association in triple helix of two alpha 1 and one alpha 2 chains except of the two ends (N- and 
C-telopeptides). In bone matrix, type I collagen is subjected to different post-translational modifications: the mature trivalent cross-
links including pyridinoline (PYD), deoxypyridinoline (DPD), and pyrrole, which make bridges between two telopeptides and the
helicoidal region of another collagen molecule. These molecules result from the maturation of divalent cross-linking molecules
(dihydroxylysinonorleucine [DHLNL] and hydroxylysinonorleucine [HLNL]), whose synthesis requires an enzymatic process (lysil
oxydase); the advanced glycation end products (AGEs), which are formed by nonenzymatic glycation involving a sugar such as
glucose and amino acid such as lysine. Some AGEs such as pentosine are cross-linking molecules, although their precise location
remains to be determined; the nonenzymatic isomerization of aspartic acid (D) occurring in the C-telopeptides of alpha 1 chains.



receptor modulators could influence the urinary
α/βCTX ratio differently.33 In an in vitro model in
which the extent of cross-linking can be modified,
keeping constant the size and mineral content of the

bone samples, we recently demonstrated that changes
in the extent of post-translational modifications of type
I collagen (e.g., intermolecular cross-linking such as
pyridinoline and pentosidine and CTX isomerization)
play a role in determining the mechanical competence
of cortical bone, and especially post-yield properties,
independently of BMD and porosity.34 These data indi-
cate that the degree of post-translational modifications
of collagen matrix plays an independent role in deter-
mining the mechanical competence of cortical bone,
and the α/β CTX ratio may provide an in vivo marker
of bone collagen quality. The clinical relevance of bone
collagen properties as an important independent deter-
minant of skeletal strength has also been suggested by
recent studies investigating the relationships between
circulating homocysteine levels and the risk of fracture
in elderly women and men. Homocysteinuria is a rare
autosomal recessive disease that is characterized by
generalized osteoporosis. This finding has been attrib-
uted to an inhibition of the formation of collagen cross-
linking by high homocysteine levels.35 McLean and
coworkers36 and van Meurs and coworkers37 found that
elderly women and men with plasma levels of homo-
cysteine in the highest quartile had a risk of nonverte-
bral and hip fracture that was twice the risk in other
individuals. It seems, however, that this finding results
from the combination of increased homocysteine levels
and low serum vitamin B12 levels, which provided the
highest risk for all fractures in a recent study.38

Interestingly, in the study from the Netherlands,38 high
homocysteine levels and low vitamin B12 were associ-
ated with increased bone resorption evaluated by the
urinary excretion of DPD.

Bone matrix also contains noncollagenous proteins
that can undergo post-translational modifications.
Osteocalcin is a noncollagenous protein almost spe-
cific for bone matrix that contains three residues of 
γ-carboxyglutamic acid (GLA). GLA results from
the carboxylation of glutamic acid residues, an intra-
cellular post-translational modification that is vitamin
K-dependent. It was postulated that impaired γ-
carboxylation of osteocalcin could be an index of
both vitamin D and vitamin K deficiencies in elderly
populations. In two prospective studies performed in a
cohort of elderly institutionalized women followed for
3 years39 and in a population of healthy elderly women
(EPIDOS study),40 levels of undercarboxylated osteo-
calcin above the premenopausal range was associated
with a two- to threefold increase in the risk of hip frac-
ture, although total osteocalcin was not predictive. It
has also been shown that a decreased ratio between
carboxylated and total osteocalcin, which is an index of
increased undercarboxylated osteocalcin, was asso-
ciated with increased fracture risk in elderly women
living at home.41 The mechanisms relating increased
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Figure 10-4. Correlation between native (α–α) cross-linked 
C-telopeptide of type I collagen (CTX) and isomerized (β–β) 
CTX in healthy control subjects and in patients with Paget
disease of bone before and after treatment with the
bisphosphonate tiludronate. Regression lines and 95%
confidence intervals for healthy control subjects are indicated.
Note the disproportionately high levels of α–α CTX compared
with β–β CTX in patients with Paget disease before treatment.
After treatment with bisphosphonate, the relationship
between α–α CTX and β–β CTX is similar to that found in
healthy control subjects, for most patients. (From Alexandersen
P, Peris P, Guanabens N, et al: Non-isomerized C-telopeptide
fragments are highly sensitive markers for monitoring disease
activity and treatment efficacy in Paget’s disease of bone. 
J Bone Miner Res 2005;20:588-95.)
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undercarboxylation of osteocalcin and fracture risk
is unclear. Serum undercarboxylated osteocalcin,42

but not total osteocalcin, has been found to be asso-
ciated more strongly with ultrasonic transmitted
velocity (which has been suggested to reflect in part
changes in bone structure) at the os calcis and tibia
than with BMD,42 suggesting that poor altered bone
structure may explain the fracture risk associated
with undercarboxylated osteocalcin, possibly as a
result of inadequate vitamin K status. Osteocalcin
also contains in its sequence five residues of aspartic
acid that can undergo age-related isomerization.
Although not directly analyzed in bone matrix,
isomerized osteocalcin fragments have recently
been described in patients with Paget disease of
bone.20 The influence of the isomerization of osteo-
calcin and other noncollagenous proteins on the
mechanical competence of bone matrix remains to
be investigated.

Clearly, the above-mentioned studies open new per-
spectives for the clinical use of bone markers, not only
to measure quantitative changes in bone turnover, but
also to assess changes in bone matrix properties, an
important determinant of bone strength

CLINICAL USES OF BONE MARKERS 
IN OSTEOPOROSIS

Markers of Bone Turnover and Fracture
Risk
With the emergence of effective but rather expensive
treatments, it is essential to detect those women at
higher risk of fracture. Although several prospective
studies have clearly demonstrated a strong association
between BMD measurements and the risk of hip, spine,
and forearm fractures, as confirmed recently in a meta-
analysis that included 29,082 women from 12 different
cohorts,43 about one-half of patients with incident frac-

tures have baseline BMD assessed by DXA above the
diagnostic threshold of osteoporosis, defined as a T-
score of −2.5 SD or more below the average value of
young healthy women.44-46 Clearly, there is a need for
improvement in the identification of patients at risk for
fracture. In addition to age, several other clinical risk
factors have been shown to contribute to fracture prob-
ability independently of BMD in postmenopausal
women, including a family history of hip fracture, prior
fragility fractures,47 and low body mass index in some
but not all studies, although a recent meta-analysis sug-
gests that the association of body mass index with frac-
ture risk is likely to be mediated by BMD.48

Relating baseline bone turnover levels with the sub-
sequent risk of osteoporotic fractures is the valid
methodology to assess their clinical utility, because
case-control studies can be confounded by the effect
of the trauma on biochemical marker levels.49

Prospective studies investigating the relationships
between bone formation markers and fracture risk
have yielded conflicting results. In the large multicen-
ter cohort of elderly women in France (EPIDOS), no
significant relationships were found between levels of
serum osteocalcin and bone alkaline phosphatase and
the risk of hip fracture occurring during a 2-year fol-
low-up period.50 Similar negative findings were
recently reported for clinical vertebral and nonverte-
bral fractures in the elderly women involved in the
Malmö study.14 In contrast, in two prospective studies
performed in younger healthy postmenopausal women
(OFELY and Hawai’i Osteoporosis Study), a significant
positive association between increased levels of bone
alkaline phosphatase and the risk of vertebral and non-
vertebral fracture was observed.51,52 The differences
between the studies may be related to the type of frac-
ture or to the duration of follow-up, which was
22 months in the EPIDOS study and 5 years in the
OFELY study. More recently, we reassessed the OFELY

TABLE 10-2 INCREASED URINARY CTX RATIO AS AN INDEPENDENT PREDICTOR OF THE RISK 
OF OSTEOPOROTIC FRACTURES*

Urinary CTX Ratio at Baseline Relative Risk† (95% CI) of Fracture for Values in the Upper Quartile

All Fractures Nonvertebral Fractures Only

αL/βL
Unadjusted 2.0 (1.2-3.5) 2.5 (1.3-4.6)
Adjusted for bone ALP 1.8 (1.1-3.2) 2.2 (1.1-4.2)
Adjusted for femoral neck BMD 1.8 (1.03-3.1) 2.2 (1.2-4.0)
Adjusted for bone ALP + femoral neck BMD 1.7 (0.95-2.9) 2.0 (1.04-3.8)

* Study involved 408 women followed prospectively for 6.8 years; 55 nonvertebral fractures and 16 incident vertebral fractures were recorded.

† Adjusted for age, presence of prevalent fracture, and physical activity

From Garnero P, Cloos P, Sornay-Rendu E, et al: Type I collagen racemization and isomerization and the risk of fracture in postmenopausal women:

the OFELY prospective study. J Bone Miner Res 2002; 17:826-33.
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data after a median of 9 years of follow-up in which
we recorded 158 incident fractures in 116 women
including 50 vertebral and 108 nonvertebral fractures.
Over this long follow-up period, we also found a sig-
nificant association between increased baseline levels
of serum osteocalcin, bone alkaline phosphatase, and
PINP and the risk of fractures (unpublished data).
Melton and coworkers,53 however, could not find any
significant relationship between total alkaline phos-
phatase levels and serum osteocalcin and the risk of
fracture in the following 20 years. The markers that
were measured 20 years ago, however, were not the
most specific ones and this may have resulted in
decreased power to detect a significant association.

More consistent data have been obtained on the
relationship between increased levels of bone resorp-
tion markers and fracture risk. Five prospective studies
(Rotterdam, EPIDOS, OFELY, HOS, and Malmö)
found that bone resorption assessed by urinary or
serum CTX, urinary free deoxypyridinoline, serum
TRACP 5b, or urinary osteocalcin fragments (only one
study for these two latter markers) above the pre-
menopausal range were consistently associated with an
approximate twofold higher risk of hip, vertebral, non-
hip, and nonvertebral fractures over follow-up periods
ranging from 1.8 to 5 years.14, 50, 51, 54, 55 It remains to be
investigated whether bone resorption markers would
predict fracture risk over periods that exceed 5 years.
The odds ratio of fracture was not modified after
adjusting for potential confounding factors such as
mobility status and was only marginally decreased after
adjusting for BMD measured by DXA. Thus, the com-
bination of BMD and bone turnover measurement
allows the identification of a subgroup of elderly
women at much higher risk of hip fracture than those
identified by each test alone.50,51

It is important to consider the preanalytical variabil-
ity of biochemical markers of bone resorption when
assessing their clinical performance in osteoporosis.
Among the potential sources of variability (Table 10-3),
circadian variation and food intake play important
roles, especially for serum CTX.56 Because serum CTX
levels are markedly affected by food intake,57,58 an effect
that is likely to be mediated mainly by gastrointestinal
hormones including glucagon-like peptide 2,59,60 it
should be measured on fasting morning samples to
reduce the variability of the measurement. This techni-
cal limitation probably explains the lack of significant
predictive value of serum CTX levels measured on non-
fasting morning serum samples in both the EPIDOS55

and the SOF61 studies.

Combined Assessment of Fracture Risk
In the OFELY prospective cohort, we showed that the
combination of the strongest single clinical risk factor

(history of fracture after the age of 45 years) with a low
hip BMD and high levels of bone resorption assessed by
urinary CTX improve the predictive value of a single
test, with relative risk of fracture increasing from the 1.8
to 2.8 range to 5.8.51 Similarly, in a nested case-control
analysis of the EPIDOS study, we compared the ability
of history of fracture after the age of 45 years, hip BMD,
heel broadband ultrasound attenuation, and urinary
CTX to predict the risk of hip fracture and we investi-
gated whether a combination of these parameters could
improve the predictive value.62 In the EPIDOS study,
the combination of urinary CTX with either hip BMD
or heel broadband ultrasound attenuation increases the
specificity by 10% with sensitivity similar to hip BMD
or heel broadband ultrasound attenuation alone. Such
a combined diagnostic approach might be more cost-
effective than BMD measurement alone, as it results in
a lower number of patients to be treated to avoid one
hip fracture. If DXA or ultrasonography is not avail-
able, we found that the combination of a high bone
resorption marker and a positive history of any type of
fracture gave a predictive value similar to that obtained
with BMD or heel broadband ultrasound attenuation
alone.62 As discussed by Johnell and colleagues,63 the
use of odds ratio is not ideal for clinical decision mak-
ing, because the risk may decrease or remain stable with
age, whereas absolute risk increases. Thus, calculating
absolute risk such as 10-year probabilities, which
depend on knowledge of the fracture and death

TABLE 10-3 SOURCES OF PREANALYTICAL VARIABILITY 
OF BONE TURNOVER MARKERS

Uncontrollable Factors Controllable Factors

Age Diurnal (circadian) variability
Menopausal status Diet
Gender Seasonal changes
Ethnicity Exercise
Recent fractures (up to 

1 year)
Pregnancy and lactation
Renal and hepatic function

Drugs
Antiresorptives
Bone anabolics
Glucocorticoids
Anticonvulsants
GnRH agonists

Diseases
Metabolic bone diseases
Diabetes
Thyroid diseases
Arthritic diseases 

(e.g., rheumatoid arthritis, 
osteoarthritis)

Immobility
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hazards, is probably more appropriate. Based on
the probability of hip fracture in the Swedish
population and on the data from the EPIDOS and
OFELY studies, it was found that combining urinary
CTX with BMD or history of previous fracture results
in a 10-year probability of hip fracture that was about
70% to 100% higher than that associated with low
BMD alone with a similar pattern for the prediction of
all fractures in younger postmenopausal women
(Figure 10-5).63

The use of bone markers in individual patients may
be appropriate in some situations, especially in
women who are not found to be at risk by BMD meas-
urements. In the EPIDOS study, we recently reported
that urinary free deoxypyridinoline was actually most
strongly associated with hip fracture in women who
were not classified as having low BMD.64 In the
OFELY study of 671 postmenopausal women followed
prospectively over a median of 9 years, we found that
among the 116 incident fractures, 48% actually
occurred in osteopenic women. Among these women
who were not found to be at risk by BMD alone, the
combination of lower BMD and/or prior fractures
and/or bone alkaline phosphatase in the highest

quartile could detect 85% of incident fractures with an
age-adjusted HR of 5.3 (2.3; 11.8).65 Women at high
risk of fracture may benefit from therapeutic inter-
vention, especially if risk factors are amenable to
bone-specific agents. Indeed, some BMD-independ-
ent risk factors such as falls are particularly important
for hip fracture but may not be modified by pharma-
cological interventions.66 Conversely, some studies
have shown a positive effect of bisphosphonates and
raloxifene on fracture risk in osteopenic women67,68

and a greater reduction in fracture risk has been
shown among postmenopausal women with high pre-
treatment levels of bone turnover with alendronate.69

Thus, bone markers may be used in the assessment of
fracture risk in select cases in which BMD and clinical
risk factors are not sufficient to make a treatment
decision.

Bone Markers for Monitoring Treatment 
of Osteoporosis
As with most chronic diseases, monitoring the efficacy
of treatment of osteoporosis is a challenge. The goal of
treatment is to reduce the occurrence of fragility frac-
tures, but their incidence is low and the absence of
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Low BMD (T< –2.5 SD)
Prior fracture
High CTX
Low BMD, high CTX
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Figure 10-5. Combination of clinical risk factors, bone mineral density, and bone turnover measurements to identify women with
the highest risk of fracture. The figure shows the 10-year probability of hip fracture according to age and relative risk. The symbols
show the effect of risk factors on fracture probability derived from women aged 65 years (OFELY study) and 80 years (EPIDOS
study). The data from the OFELY study are derived from information on all fractures. Low hip BMD was defined as values at –2.5 SD
or below the mean of young adults. High urinary CTX corresponds to values above the upper limit of premenopausal women
(mean ± –2 SD). (From Johnell O, Oden A, De Laet C, et al: Biochemical markers and the assessment of fracture probability.
Osteoporos Int 2002;13:523-26.)
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events during the first year or years of therapy does not
necessarily imply that treatment is effective. Thus, the
use of surrogate markers with a more rapid response is
clearly needed for efficient monitoring of treatment in
osteoporosis. A surrogate marker can be defined as
a laboratory measurement or a physical sign used as a
substitute for a clinically meaningful endpoint that
measures directly how a patient feels, functions, or
survives. Changes induced by therapy on a surrogate
endpoint are expected to reflect changes in a clinically
meaningful endpoint.

Measurement of BMD by DXA is a surrogate
marker of treatment efficacy that has been widely
used in clinical trials. Its use in the monitoring of
treatment efficacy in the individual patient, however,
has not been validated. Given a short-term precision
error of 1% to 1.5% of BMD measurement at the
spine and hip, the individual change must be greater
than 3% to 5% to be seen as significant. With bisphos-
phonates such as alendronate, repeating BMD meas-
urement 2 years after initiating therapy will allow
assessment of whether a patient is responding to ther-
apy, that is, showing a significant increase in BMD, at
least at the lumbar spine, which is the most respon-
sive site. With treatments such as raloxifene or nasal
calcitonin that induce much smaller increases in
BMD, DXA is not appropriate to monitor therapy.
With any treatment, DXA does not allow identifica-
tion of all responders within the first year of therapy.
Failure to respond may be due to noncompliance
(probably the most important single factor), to poor
intestinal absorption (i.e., of oral bisphosphonates),
to other factors contributing to bone loss, or to other
unidentified factors. Monitoring using bone markers
may improve compliance, as has been suggested by
recent studies.70-72

Several randomized placebo-controlled studies
found that resorption-inhibiting therapy is associated
with a prompt decrease of bone resorption markers
that can be seen as early as 1 month, with a plateau
reached within 3 to 6 months. The decrease of bone
formation markers is delayed, reflecting the physio-
logical coupling of formation to resorption, and a
plateau is usually achieved within 6 to 12 months. The
magnitude of the decrease of bone turnover markers
under antiresorptive therapy, including hormone
replacement therapy and bisphosphonates, usually
expressed in percentage of the initial value, is moder-
ately associated with an increase in BMD after 2 to 3
years.73

The value of BMD changes to predict the risk of frac-
ture with treatment is debated, especially because
treatments such as raloxifene can induce a 30% to 50%
reduction in vertebral fracture rate despite a small
2% to 3% increase of BMD at all skeletal sites. Recent

re-analyses of placebo-controlled studies suggested
that BMD changes under treatment account for only
a small part of the efficacy of antiresorptive therapy
on fracture risk.74,75 Thus, BMD changes may not be an
adequate surrogate endpoint to analyze the ability of
bone markers to predict fracture risk.

Recent studies have investigated the direct relation-
ships between bone marker changes and fracture risk
in several large randomized studies of various antire-
sorptive therapies. It was found that the changes of
serum osteocalcin, bone alkaline phosphatase, and
PINP with raloxifene treatment were associated with
the subsequent risk of vertebral fractures in a large
subgroup of osteoporotic women enrolled in the
MORE study, whereas changes in hip BMD were not
predictive.76-78 In postmenopausal women with
osteoporosis treated with oral risedronate, it has also
been shown that changes of urinary CTX and NTX
after 3 to 6 months predicted the risk of subsequent
incident vertebral fractures after 1 and 3 years (Figure
10-6). These changes explain 50% to 70% of the
effect of risedronate on fracture risk.79 A significant
association between changes of bone alkaline phos-
phatase and vertebral, hip, and nonspine fractures was
also found in women treated with alendronate parti-
cipating in the FIT trial.80 In the risedronate study, it
was shown that the relationships between vertebral
fracture risk and changes from baseline in CTX and
NTX during 3 to 6 months was not linear and that
there may be a level of bone resorption reduction
below which there is no further fracture benefit.
However, this nonlinear relationship was not
observed for nonvertebral fracture in the residronate
trials or for vertebral and nonvertebral fractures in
the FIT alendronate trial. Ultimately, recommended
cut-off values of bone marker changes with treatment
should be based on prospective studies with incident
fractures as an endpoint.

Bone turnover markers may also be useful to mon-
itor effects of anabolic treatments, including inter-
mittent administration of parathyroid hormone.
For example, in the PaTH study with parathyroid
hormone 1-84 and with teriparatide in the Fracture
Prevention Trial, it was recently shown that parathy-
roid hormone administered to postmenopausal
women with osteoporosis produces a marked and
rapid (within a month) increase of markers of bone
formation followed by a delayed increase in bone
resorption markers (Figure 10-7).80 In this situation,
bone formation markers, especially serum PINP and
serum PICP, appear the most promising to monitor
efficacy of parathyroid hormone and to predict
BMD changes, although these data will need to be
confirmed in studies using incident fracture as an
endpoint.
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Figure 10-6. Relationship between
percentage change in bone resorption
markers (urinary NTX and CTX) and the
incidence of new vertebral fractures. Six
hundred ninety-three women with at least
one vertebral deformity (mean age, 69
years, SD 7 years) who received placebo or
oral risedronate 5 mg daily for 3 years
were studied. The relationships between
vertebral fracture risk after 1 and 3 years of
treatment and changes from baseline in
NTX and CTX were not linear (P < .05).
There was little further improvement in
fracture benefit below a decrease of 35%
to 40% for NTX and 55% to 60% for CTX.
The placebo group is represented by the
broken line and the risedronate 5 mg
group by the solid line. All patients
received calcium supplementation (1000
mg/day) and vitamin D (if levels were low).
(From Eastell R, Barton I, Hannon RA, et al:
Relationship of early changes in bone
resorption to the reduction in fracture risk
with risedronate. J Bone Miner Res
2003;18:1051-56.)
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Figure 10-7. Effects of parathyroid
hormone (PTH 1-84, 100 μg/d) and
oral alendronate (10 mg/day) on
bone formation (serum PINP) and
bone resorption (serum CTX)
markers in postmenopausal with
osteoporosis. Results are expressed
in median percentage change from
baseline (and interquartile range).
(From Black DM, Greenspan SL,
Ensrud KE, et al: The effects of
parathyroid hormone and
alendronate alone or in
combination in postmenopausal
osteoporosis. 
N Engl J Med 2003;349:1207-15.)
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The risk of fragility fractures is multifactorial and is
related to the resistance of bone to fracture and to
nonskeletal factors contributing to the incidence and
impact of trauma (Figure 11-1). Low bone mineral
density (BMD) is part of the definition of osteoporosis
and is considered a gold standard for the diagnosis of
osteoporosis in all guidelines on osteoporosis.5

However, there is no justification for screening the
whole population using densitometry.1 The sensitivity
of BMD is low (i.e., a proportion of fractures occur in
patients with a T-score > −2.5) and fracture risk is also
related to components of bone that are not captured by
measuring BMD as well as to nonskeletal risk factors.
Ten percent to 44% of fractures are attributable to low
BMD.6 This population-attributable risk is 15% on the
average for all types of fracture. In untreated individu-
als, this population-attributable risk is comparable
with the population-attributable risk reported for
hypertension or lipid profiles and cardiovascular
disease.1

Although there is no universal validated strategy,
case finding is widely accepted as a method of identifying
individuals who should be treated for osteoporosis.5,7

The goal of case finding is to establish the fracture risk
based on BMD and BMD-independent risk factors to
make decisions regarding the needs for instituting
therapy. However, the evaluation for osteoporosis in

The Evaluation of the Patient for
Osteoporosis: Case Finding Using
Diagnostic Tests for Treatment
Interventions
Piet P.M.M. Geusens

11
CLINICAL ASPECTS OF THE DISEASE

SUMMARY

■ The clinical significance of osteoporosis rests on the
occurrence of fragility fractures, its consequences on
morbidity and mortality, and the availability of
treatments with proven antifracture efficacy in well-
selected patients with a high risk of fragility fractures.

■ The risk of fractures is multifactorial. Risk factors
are related to bone mineral density (BMD), other
determinants that contribute to skeletal fragility,
the risk and impact of falling, or a combination of
these and are dependent on fracture site.

■ The diagnosis of osteoporosis in terms of BMD 
is based on the measurement by dual x-ray
absorptiometry. In addition, combinations of risk
factors that are at least partially independent can
be integrated to provide information on fracture
risk over and above that given by BMD, to
enhance calculation of total fracture risk.

■ Examples of major clinical risk factors for fragility
fractures at the population level are age, low BMD,
female gender, history of fragility fracture, history
of parenteral hip fracture, low body weight (or low
body mass index), severe immobility, and chronic
use of glucocorticoids. Other risk factors related 
to lifestyle, diseases, and drugs, although less
frequent and less predictive, can increase fracture
risk in the individual patient.

■ Guidelines on osteoporosis advocate clinical case
finding for identifying patients at the highest risk
for fragility fractures based on the presence of risk
factors, including selection of patients for bone
densitometry.

■ Patients with vertebral and nonvertebral fragility
fractures require special attention. Only one in
three vertebral fractures come to clinical attention,
but all are associated with an increased risk for
new fractures and increased morbidity and
mortality and should therefore be recognized.

■ Patients on chronic glucocorticoid treatment
deserve attention for increased risk of fractures
and the availability of prevention.

The clinical significance of osteoporosis rests 
on the occurrence of fragility fractures, its
consequences in terms of morbidity and mortality,
and the availability of treatments with proven
antifracture efficacy in well-selected patients with
a high risk of fragility fractures.1-4
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daily clinical practice is dependent on the awareness of
doctors and patients of risk factors for fractures and
available treatment modalities. Recognition of risk fac-
tors for osteoporosis before the first fracture has
occurred is often lacking.8 Low awareness for osteo-
porosis is also found when patients have a history of
fragility fracture after the age of 40 to 50 years, many of
which are not recognized by doctors and patients as
being the result of osteoporosis.9

It is the aim of this chapter to review the evaluation
for osteoporosis using available tests for identifying
patients at highest risk for fracture, in whom fracture
risk can be reduced. The focus is on assessing the risk
of fractures related to skeletal fragility. Thus, the
emphasis is on identifying patients with low BMD or
other bone-related risks, including those who have
already had a fragility fracture, and using this informa-
tion to estimate the risk of future fractures and to iden-
tify patients, in a timely manner, who could benefit
from treatment that has been proven to reduce frac-
ture risk. Although falls are an important factor in
increasing the risk of fractures among patients with
osteoporosis, the etiology and interventions to prevent
falls are generally independent of skeletal fragility and
therefore receive less attention here.

RISK FACTORS FOR OSTEOPOROSIS AND
FRAGILITY FRACTURES

Many risk factors for osteoporosis (in terms of low
BMD) and for fragility fractures in general have been
documented in cross-sectional case-controlled studies
and in prospective studies with fragility fractures as a
primary endpoint.

Major risk factors in postmenopausal women at the
population level are increasing age, low body weight (or
low body mass index [BMI]), previous fragility fracture,
severe immobility, and use of glucocorticoids.10 Other
important risk factors are smoking, excess intake of alco-
hol, rheumatoid arthritis, and risk factors for falls.10

However, many more risk factors that are less prevalent
in the population or that have less impact on fracture risk
have been documented (Table 11-1).

Several attempts have been made to categorize risk
factors. Risk factors for osteoporosis and fractures have
been grouped in domains such as genetic or constitu-
tional factors, lifestyle and nutritional factors, medical
disorders, and drugs (Table 11-2).1 In some reviews and
guidelines, other characteristics of risk factors are also
considered, such as the prevalence (high for the main
risk factors or low for some forms of secondary osteo-
porosis) (Table 11-3),10 the impact (major or minor,
based on the relative risk) (Table 11-4),11 and the timing
during life (related to building up peak bone mass or to
bone loss once peak bone mass is achieved). Some risk
factors are associated with an increased risk for fractures
within a short term, such as systemic use of glucocorti-
coids, after organ transplantation, after anti-androgen
therapy in men, and after vertebral and nonvertebral
fractures. Risk factors differ between locations of frac-
tures: fall-related risk factors are more frequent for non-
vertebral fractures than for vertebral fractures.12 Risk
factors can also be grouped as modifiable (such as
lifestyle, certain diseases, and drugs) or not, as proposed
by the National Osteoporosis Foundation.13

Some risk factors are readily recognizable in clinical
practice, such as gender, age, previous fragility fracture,
and low body weight. Others require specific attention,
as their signs and symptoms can be nonspecific or clin-
ically not readily recognizable, such as diseases that
cause secondary osteoporosis (e.g., hyperthyroidism,
hyperparathyroidism). Some risk factors require addi-
tional technical examination (bone densitometry, 
x-rays, markers of bone turnover, and laboratory
measurements for some diseases). Vertebral fractures
are more difficult to diagnose, as two in three occur in
the absence of typical signs and symptoms of an acute
fracture and as they can occur after a minimal, trivial, or
even absent trauma. Some components of the resistance
of bone against fractures that have been studied in
animal studies and in human biopsies, such as microar-
chitecture and matrix composition, are currently not
measurable in daily practice, although some of those are
components of other risk factors, such as age, prevalent
fragility fracture, and family history of fractures.

An important characteristic of risk factor is their inter-
relation.10 Risk factors can be interdependent or inde-
pendent. Some are related to BMD and others are related
to non-BMD factors that are related to skeletal fragility

Evaluation for fracture risk

Clinical risk factors

Bone Non-skeletal

BMD Non-BMD Impact Fall

Fracture

Figure 11-1. Relationship between case finding for risk factors,
fracture risk, and available treatments that reduce fracture risk.



TH
E EV

A
LU

A
TIO

N
 O

F TH
E PA

TIEN
T FO

R O
STEO

PO
RO

SIS

102

and to risk and impact of falls, or a combination of these.
Risk factors that are at least in part mutually independent
have a cumulative effect on fracture risk, as has been
found for vertebral fractures14 and for hip fractures
(Figure 11-2).15 This finding has profound clinical conse-
quences in daily practice. Fracture risk can be substan-
tially higher than when deduced from one risk factor
alone. This implies that a distinction has to be made
between diagnosis of osteoporosis (which is currently
based on BMD, with a T-score < −2.5), and intervention
thresholds, which include, besides BMD, assessment of
risk of fractures that are not measured by BMD. Many
guidelines have therefore adapted a higher T-score as
intervention threshold (e.g., a T-score < −1.0 instead of 
< −2.5) in the presence of risk factors other than low
BMD.

The value of case finding is dependent on the avail-
ability of treatment. In clinical trials, fracture preven-
tion has been documented in postmenopausal women
with low BMD, in postmenopausal women with a
prevalent vertebral fracture (independent of BMD), in
men and women using systemic glucocorticoids, and
in men with osteoporosis.

CASE FINDINGS IN WOMEN

Case Findings in Women with Low Bone
Mineral Density
Prior to the occurrence of a vertebral fragility fracture,
the diagnosis of osteoporosis and the decision about
therapy relied on bone densitometry using dual x-ray

TABLE 11-1 FACTORS CONTRIBUTING TO 
OSTEOPOROSIS AND FRACTURE RISK IN WOMEN

Genetic or constitutional
Age
White or Asian ethnicity
Low body weight (or low body mass index)
Family (maternal) history of (hip) fracture
Small body frame
Long hip axis length
Premature menopause (<45 years)
Late menarche
Genetic polymorphisms (e.g., estrogens receptor, 

collagen type 1)

Lifestyle and nutritional
Nulliparity
Prolonged secondary amenorrhea
Smoking cigarettes
Low calcium intake
Vitamin D status
Excessive alcohol intake
Prolonged parenteral nutrition

Medical disorders
Anorexia nervosa
Malabsorption syndromes due to gastrointestinal and 

hepatobiliary diseases
Primary hyperparathyroidism
Thyrotoxicosis
Primary hypogonadism
Prolactinoma
Hypercortisolism
Osteogenesis imperfecta
Inflammatory rheumatic diseases (rheumatoid arthritis, 

spondylitis, lupus)
Chronic obstructive lung disease
Chronic neurological disorders
Chronic renal failure
Mastocytosis
Type 1 diabetes
Status post-transplantation

Drugs
Chronic glucocorticoid therapy
Excessive thyroid therapy
Anticoagulants
Chemotherapy
Gonadotropin-releasing hormone agonist 

and antagonist
Anticonvulsants
Chronic phosphate binding antacid use

Risk of falls
Osteoarthritis
Muscle strength
Postural instability
Inactivity
Prolonged immobilization

Pathophysiology
Low levels of serum estradiol
Low serum RANKL
Homocysteine

TABLE 11-2 RISK FACTORS THAT PROVIDE INDICATIONS 
FOR THE DIAGNOSTIC USE OF BONE DENSITOMETRY1

Presence of strong risk factors
Estrogen deficiency

Premature menopause (<45 years)
Long-term secondary amenorrhea (>1 year)
Primary hypogonadism

Glucocorticoid therapy (>7.5 mg/day for >1 year)
Maternal family history of hip fracture
Low body mass index
Other disorders associated with osteoporosis

Anorexia nervosa
Malabsorption
Primary hyperparathyroidism
Status post-transplantation
Chronic renal failure
Hyperthyroidism
Prolonged immobilization
Cushing syndrome

Radiographic evidence of osteopenia and/or vertebral 
deformity

Previous fragility fracture, particularly of the hip, spine, or wrist
Loss of height, thoracic hyperkyphosis (after radiographic 

confirmation of vertebral deformation)
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absorptiometry (DXA). One reason is that, in clinical
trials performed in postmenopausal women, fracture
prevention has been shown in women with a prevalent
vertebral fracture or, in the absence of such fracture, in
women with a low BMD (T-score < −2.5) measured by
DXA in the spine or hip. Risk factors that provide indi-
cations for the diagnostic use of bone densitometry are
shown in Table 11-2.1

Questionnaires focusing on clinical recognition of
patients with low BMD have been studied using com-
binations of risk factors. The purpose of these indices
is to identify women who are more likely to have low
BMD, so that individuals can be identified who could
then undergo BMD measurement for decision about
treatment. The indices are based on the presence of
one or more clinical recognizable risk factors, selected
on the basis of the available evidence of their relation-
ship to low BMD and fracture risk (Table 11-5).

The simplest questionnaire is the Osteoporosis Self-
assessment Tool (OST), which is based on age and
weight.16 A T-score of less than −2.5 in the hip or spine
was found in two of three individuals with a high OST
(>2), in one of five if OST was intermediate, and in one
of 33 if OST was low (<2) (Figure 11-3). With adapta-
tions, it has been shown to be useful for Asian women
(OSTA). Other indices, such as the Simple Calculated
Osteoporosis Risk Estimation,17 the Osteoporosis Risk
Assessment Index,18 SOFSURF (derived using data from
the Study of Osteoporotic Fractures [SOF]),19 the
DOES-score20 and OSIRIS,21 involve one to four other
risk factors in addition to age and weight, such as
rheumatoid arthritis, history of fracture, smoking, race,
and intake of estrogens. Weight was also a useful marker
for low BMD in the EPIDOS study.22 Several studies
indicate that OST contributes as well as other indices for
selection of patients with low BMD. Such an approach
could even be cost-effective for patient selection for
bone densitometry.21 However, such indices are insuffi-
cient to identify all women who will have an incident
fracture20 and underscores that low BMD is only one of
the factors related to fracture risk.20

The ability of the measurement to predict fracture is
improved by site-specific measurement, so that for hip
fractures, the risk might ideally be measured in the hip.23

Other techniques of bone measurement are available,
such as single-energy x-ray absorptiometry, quantitative
computer tomography, and quantitative ultrasonogra-
phy. They can be helpful in identifying women with low
BMD and increased risk of fragility fractures.1,5

However, they are not considered as a substitute to DXA
for selecting women for treatment, except when DXA is
not available.5

Identifying Women with Fragility
Fractures
Women who have already had a fragility fracture after
the age of 40 years have twice the risk of subsequent
fractures compared with other women.24 Identifying
patients with prior fractures seems so rudimentary that
it should not need mention, but the fact is that most
fracture patients (even those with recent fractures) are
not receiving adequate diagnosis and treatment for
osteoporosis in many communities.8

TABLE 11-3 PREVALENCE OF RISK FACTORS FOR OSTEOPOROSIS IN EUROPEAN WOMEN10

Age Low Body Prior Fracture Glucocorticoids Mother with Hip Current Secondary Any (%)
(years) Mass Index (%) (%) (%) Fracture (%) Smoking (%) Osteoporosis (%)

50-59 1.3 17.8 4.5 5.1 16.2 - 33.7
60-69 1.5 25.8 4.5 6.4 18.4 - 45.7
70-79 2.1 31.7 5.8 7.1 10.4 2.4 43.3
80-89 4.0 31.3 4.6 4.9 4.7 2.2 38.5
90+ 0.8 22.0 2.2 6.9 3.7 7.9 28.5

TABLE 11-4 CLASSIFICATION OF RISK FACTORS FOR 
FRACTURE RELATED TO BONE LOSS11

High Risk (RR >2.0) Moderate Risk (RR 1.0-2.0)

Aging (> 70-80 years) Female gender

Low body weight Smoking (active)

Weight loss Low sunlight exposure 
(or none)

Physical inactivity Family history of 
osteoporotic fracture

Corticosteroids Surgical menopause

Anticonvulsants Early menopause 
(<45 years)

Primary hyperparathyroidism Short fertile period 
(<30 years)

Diabetes mellitus type I Late menarche (>15 years)

Anorexia nervosa No lactation

Gastrectomy Low calcium intake 
(<500-850 mg/day)

Pernicious anemia Hyperparathyroidism

Prior osteoporotic fracture Hyperthyroidism
Diabetes mellitus type II
Rheumatoid arthritis
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Figure 11-2. A, Cumulative incidence of first incident vertebral fracture.14 Risk factors are age over 70 years, a prior nonspinal
fracture after age 50, body mass index (calculated with knee height) in the lowest 40%, current smoker, low level of physical
activity (walks less than 1 block/day and does household chores less than 1 h/day), no moderate- or high-intensity recreational
physical activities, fell one or more times in the first 12 months of follow-up, not currently on estrogen replacement therapy, low
milk consumption (<1 glass/day) when pregnant (or as a teenager for nulliparous women), ever used aluminum-containing
antacids weekly, and paternal history of hip fracture. B, Ten-year risk for hip fracture (in percentages) according to the presence
of low bone mineral density (BMD) and other risk factors (age >80 years, mother with hip fracture, fracture after 50 years of age,
decrease in body length, decreased cognitive functions, slow gait speed, nulliparity, type 2 diabetes, Parkinson disease,
disturbed depth vision). Note that the number of risk factors and low BMD increase the risk of hip fracture independently and
additively.15 (See Color Plates.)

TABLE 11-5 CLINICAL RISK FACTORS INCLUDED IN QUESTIONNAIRES

Risk Factor Questionnaire

SCORE17 OST/OSTA16 SOFSURF19 ORAI18 OSIRIS21 DOES20

Age X X X X X X
Weight X X X X X X
History of fracture X — X — X X
Smoking — — — X — —
Race X — — — — —
Rheumatoid arthritis X — — — — —
Estrogen intake X — — X X —

X, Evaluated; —, Not evaluated.
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A fragility fracture (or “low-trauma” fracture) is
mostly defined as occurring after a fall from standing
height or less. However, more severe trauma can also
result in fragility fractures and should be interpreted
within the global clinical context. On the other hand,
many fractures, especially vertebral fractures, can occur
after minimal or even without identifiable trauma.25

Fragility fractures are associated with an increased risk
for new fractures within a short time, and treatments are
available that can reduce fracture risk over the short and
long term. The increased fracture risk after a fragility
fracture is independent of age, gender, and BMD.26

Therefore, women with a fragility fracture should
receive specific attention for osteoporosis as the possible
underlying cause and for the presence of other risk fac-
tors. They should be evaluated as soon as possible after
the fracture has occurred to start treatment in a timely
manner with proven antifracture effect at the short
term. Furthermore, a question regarding a history of
fragility fracture after the age of 40 years should be part
of any assessment of fracture risk in women.

Recognizing women with vertebral fractures
Vertebral fractures are the most frequent fractures in
women.27 The risk for subsequent fractures is fourfold
after a vertebral fracture, a relative risk that is substan-
tially higher than after nonvertebral fractures.24 The
risk for new fractures is already increased within 1
year: one in five women will suffer a new vertebral frac-
ture and one in four a new fracture.28 The risk for new
fractures is also related to the number and severity of
prevalent vertebral fractures.28,29 Thus, vertebral frac-
tures are considered a major risk factor for new frac-
tures. However, the diagnosis of vertebral fractures in

daily clinical practice is often a diagnostic challenge.
Only one in three vertebral fractures comes to clinical
attention (so-called “clinical” vertebral fractures), but
all vertebral fractures are related to an increased risk
for new fractures, morbidity, and mortality.

Typical clinical characteristics for vertebral fractures are
the absence of identifiable trauma in many cases, height
loss, hyperkyphosis, and acute or chronic back pain.30

The circumstances under which vertebral fractures
occur are often trivial, even in acute painful clinical cases.
In patients with clinically diagnosed vertebral fractures,
14% followed severe trauma and 83% followed moder-
ate or no trauma.31 Clinical vertebral fractures occurred
after an accident at home (such as a fall or stumble) in
13% of cases, after lifting a heavy load in 24% of cases,
and without any evident reason in 44% of cases.32 Thus,
the absence of identifiable trauma is no reason to exclude
clinical suspicion of a vertebral fracture.

Spontaneous restoration of normal spinal anatomy
is not possible after vertebral fracture. Vertebral frac-
tures are associated with varying degrees of height
loss,32,33 thoracic hyperkyphosis in the case of a tho-
racic vertebral fracture, and flattened lumbar lordosis
in the case of a lumbar vertebral fracture.32,34,35 A self-
reported humped back is associated with the presence
of vertebral fractures.36 Lung function progressively
decreases with increasing hyperkyphosis.37 Case find-
ings for vertebral fractures thus include specific ques-
tions about changes in body height, changes in
kyphosis, and shortness of breath.

Vertebral fractures are associated with varying degrees
of back pain. In women with a clinical vertebral fracture,
pain onset was sudden in 73% (compared with 21% in
women with chronic low back pain without fractures),
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Figure 11-3. The osteoporosis self-assessment tool (OST) is based on age and weight to select postmenopausal women for bone
densitometry. A T-score of < –2.5 is found in 2 of 3 patients with high risk, 1 of 5 with intermediate risk, and only 1 of 33 in the low
risk patients.
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and 19% of women reported a more gradual beginning
of complaints.32 The pain follows a mechanical pattern
(increasing by load and decreasing by rest), with varying
frequency, severity, and duration. The acute, severe pain
episode after a clinical vertebral fracture gradually sub-
sides within 2 to 6 weeks, but back pain after an acute
pain episode can last for many years and decreases over
time.38 In prospective studies using serial radiographs
and diagnosing all new vertebral fractures, a single new
vertebral fracture, even one not recognized clinically,
increased the odds for back pain.39 Therefore, a verte-
bral fracture should be considered in the differential
diagnosis of any history of acute or chronic back pain in
all postmenopausal women.

The clinical consequences of vertebral fractures are
well documented, such as with functional disability,
decreased activities of daily living, disturbed balance
capability, increased dependency, functional limita-
tion, depression, and decreased quality of life.32

However, these functional repercussions are not spe-
cific for vertebral fractures. Therefore, a vertebral frac-
ture should be considered in postmenopausal women
with functional limitations.

Clinically, hyperkyphosis can result in the typical clin-
ical presentation of a “dowager’s hump.” Only limited
studies are available on the value of clinical examination
for suspicion of vertebral fractures. An occiput-wall dis-
tance of greater than 0 cm and a rib-pelvis distance less
than 2 fingerbreadths were associated with the presence
of thoracic fractures on radiograph (Figure 11-4).36

A simple questionnaire has been devised to help iden-
tify patients who are more likely to have existing verte-

bral fractures and who may benefit from spinal radi-
ographs to determine whether vertebral deformity is
present. The Prevalent Vertebral Fracture Index (PVFI)
is calculated by adding points based on the following five
variables: history or diagnosis of a vertebral or nonverte-
bral fracture, height loss since age 25, history or diagno-
sis of osteoporosis, and age (Figure 11-5).40 For example,
a 73-year-old woman (2 points) with a previous wrist
fracture (1 point) would have a PVFI of 3; if she had also
lost 3 cm of height (1 point), her PVFI would be 4. In the
original report, the prevalence of women with vertebral
fracture was 3.8% among women with a PVFI of 0 and
62% among women with a PVFI greater than 5. A PVFI
of 4 or greater identified 66% of women with vertebral
fractures (sensitivity), with a specificity of 69%.

A similar algorithm for detecting prevalent vertebral
fractures (any vertebral height loss of >25%) was devel-
oped based on the European Prospective Osteoporosis
Study, based on age, height loss, self-reported history of
spinal fracture, other major fracture, and weight.41

Once a vertebral fracture is clinically suspected, a radi-
ograph of the spine is indicated. This should include an
anteroposterior and a lateral radiograph of the total
thoracic and lumbar spine to diagnose all vertebral frac-
tures as well as those without acute symptoms.4 New
devices of DXA offer the opportunity to use DXA for
morphometry of the vertebrae.

Currently, there is no gold standard for the diagno-
sis of a vertebral fracture on radiographs.42 Several def-
initions of a vertebral deformity have been developed.
These include quantitative and semiquantitative meth-
ods. Quantitative methods of vertebral morphometry

CLINICAL SIGNS OF VERTEBRAL FRACTURES

Loss of body height

Occiput-wall distance >0 cm

Hyperkyphosis
“dowager’s hump”

Decreased rib-pelvis distance

Figure 11-4. Clinical signs of osteoporosis with vertebral fractures. (See Color Plates.)
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include measurements of the anterior, middle, and
posterior heights of vertebrae and are merely intended
for clinical trials.42 Semiquantitative methods, such as
the Genant score, are more suitable for use in daily
practice and are available on the Web.43

Even when radiographs of the spine are available, hav-
ing been taken for medical reasons other than evaluating
for osteoporosis, radiographic vertebral fractures are
overlooked in daily clinical practice. A survey of 934
hospitalized older women with an available chest radi-
ograph was used to evaluate the frequency with which
vertebral fractures were identified and treated by clini-
cians.44 Moderate-to-severe vertebral fractures (diminu-
tion of >20% in anterior, middle, or posterior height)
were identified in 132 (14.1%) of the study subjects, but
only 1.7% had a discharge diagnosis of vertebral frac-
ture. Of these, 50% were recorded in the radiology
reports and only 17% had a fracture noted in the med-
ical record or discharge summary.44 Therefore, the diag-
nosis of vertebral fractures could be enhanced in daily
practice by more rigorous measurement and reporting
of vertebral deformities with a reduction (e.g., > 20%)
in anterior, middle, or posterior height.

Recognizing women with nonvertebral
fractures
A nonvertebral fracture is a major risk factor for verte-
bral and new nonvertebral fractures, also in the short
term. In contrast to vertebral fractures, nonvertebral
fractures are usually easy to diagnose because of their
relation to trauma, typical clinical signs, symptoms,
and radiographic findings. Some nonvertebral frac-
tures are more difficult to diagnose clinically, even
on radiographs. Typical examples include fractures
of the sacrum, fractures of the pedicles of vertebrae,
limited cortical fractures without deformation, and
stress fractures.

Differential diagnosis in patients with a fragility
fracture and/or low bone mineral density
Once a fragility fracture has been diagnosed, its cause
remains to be established. In a typical case of a 70-
year-old woman with several risk factors for osteoporo-
sis (e.g., low body weight and family history of hip
fracture) and an acute painful vertebral fracture after
minimal trauma, primary osteoporosis is most likely.
However, in the case of a 60-year-old obese woman

Has the patient had a fracture?

Yes

Yes

No

No

Treat if vertebral
or hip fracture.

Consider
 treatment and

measure BMD if
other fracture

Is PVFI > 3?

Obtain spinal radiograph

Treat

Treat

Evaluate OST/OSTA†

No vertebral
fracture

Vertebral
fracture

BMD not necessary
unless other risk
factors present*

Low probability of
low BMD

Increased
probability
of low BMD
(OST < 2, or
OSTA < 0) 

Measure BMD and 
calculate fracture

probability†

Low fracture
probability

Increased
fracture

probability

Do not treat*

* Evaluate again after 2 to 5 years.
† If BMD is not available, use other methods such as low body
weight or non-BMD risk index.

Figure 11-5. The Prevalent Vertebral Fracture Index (PVFI). BMD = bone mineral density; OST = Osteoporosis Self-assessment Tool;
OSTA = Osteoporosis Self-assessment Tool with adaptations for Asian women. 



with an acute painful vertebral fracture after minimal
trauma and a moon face and skin striae, secondary
osteoporosis (Cushing disease in this case) is more
likely. Furthermore, vertebral fractures can be the
result of malignant diseases. In one survey of clinical
vertebral fractures, 3% were pathological.31

Thus, differential diagnosis is necessary in patients
with a vertebral fragility fracture. This includes a thor-
ough medical history, general clinical examination,
and, according to the clinical context, laboratory
examinations. Additional technical examinations, such
as magnetic resonance imaging and bone scintigraphy,
can be helpful for excluding malignant bone disease in
the case of a vertebral fracture. Differential diagnosis of
vertebral deformities also includes recognition of
Scheuermann disease, osteoarthritis, Paget disease, and
osteomalacia.4

As for vertebral fractures, differential diagnosis should
also be considered after a nonvertebral fragility fracture.
Many patients with nonvertebral fractures have cor-
rectable underlying disease.45 It has been shown that
patients with a hip fracture have a non-negligible preva-
lence of vitamin D deficiency, hyperparathyroidism,
and malabsorption (coeliac disease).45,46 Because most
nonvertebral fractures occur after falls, fall risk evalua-
tion is advocated in most guidelines.5

The same principles of differential diagnosis apply
for patients with low BMD without a prevalent frac-
ture. This is especially the case if the Z-score is less than
−2.0, as this indicates that the BMD is significantly
lower than age-matched controls and could indicate
causes of secondary osteoporosis.47

Dual X-ray absorptiometry after fragility
fracture
In postmenopausal women with a vertebral fragility
fracture due to primary osteoporosis (postmenopausal
or senile), DXA is not strictly necessary to start treat-
ment.1 Antifracture effects with several drugs have
been shown in clinical trials in patients with a preva-
lent vertebral fracture, independent of BMD. Many
patients in clinical trials in patients with a prevalent
vertebral fracture had a T-score greater than −2.5.

After a nonvertebral fracture, DXA has a more promi-
nent role. Nonvertebral fractures increase the risk for
new fractures. However, no clinical trials are available
that selected patients only on the basis of a prevalent
vertebral fracture. Most guidelines therefore advocate
bone densitometry after a low-trauma nonvertebral
fracture to diagnose osteoporosis in terms of BMD.5

However, a nonvertebral fragility fracture is a risk factor
for new fractures, independent of BMD. Therefore, the
level of BMD below which to start treatment is consid-
ered higher in the presence of a vertebral fracture (e.g., a
T-score of < −1.0) in several guidelines.

To more systematically evaluate patients with a
fragility fracture, some institutions have begun referring
all patients with a fragility fracture from orthopedic clin-
ics and emergency rooms for evaluation of osteoporosis
and fracture risk. One example is the Glasgow fracture
program, which has a “fracture nurse” in this capacity.48

This system has been very successful in improving the
diagnosis and treatment of fracture patients with osteo-
porosis. This clinical approach is now widely supported
by the World Orthopaedic Osteoporosis Organization.49

It is suggested in several guidelines that DXA could
be useful for monitoring response (or lack of response)
to therapy and that measuring BMD could enhance
compliance, but prospective data to support this last
view need further study. The degree of change in
BMD during drug therapy does not reflect the degree
of risk reduction for vertebral fractures.50 The relation-
ship between changes in BMD and the risk of nonver-
tebral fractures during therapy was significant when
based on means of trials51,52 but not when based on
individual data.53 Thus, the value of a follow-up DXA
measurement requires special precautions, as dis-
cussed elsewhere.

Evaluating Total Fracture Risk in Women
As already mentioned, the predictive value of one risk
factor, such as described above for low BMD or a preva-
lent fragility fracture, can be enhanced by the use of other
factors that contribute to fracture risk, as far as they are,
at least partially, independent.10 Such an approach has
been successfully applied for predicting death from car-
diovascular disease in adults with raised blood pressure.54

Measurements that have been shown to enhance the
predictive value over and above BMD are age,10 family
history of fractures,55 markers of bone resorption,56 hip
geometry,57 fall risks,15,58 quantitative ultrasonographic
findings,59 self-reported poor health, and poor mobil-
ity.60 In these studies, it has been shown that the com-
binations were more predictive for fractures than any
one measurement alone and could predict patients
with high fracture risk in the absence of osteoporosis in
terms of low BMD. As an example, in the OFELY
study, nearly one-half of fractures occurred in nonos-
teoporotic women.56 Among these women, the combi-
nation of bone markers and history of previous
fracture was highly predictive of fracture risk.

A series of recent meta-analyses from population-
based cohorts has shown remarkable international
consistency for low BMI, a prior history of fracture, a
family history of hip fracture, current smoking, high
intake of alcohol, and rheumatoid arthritis.10 All
provide information on fracture risk that is in part
independent of BMD.10

For any given T-score, fracture risk is much higher
in the elderly than in the young. Age is associated with
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increased fracture risk, over and above BMD. At least
one tool for calculating fracture probability of a post-
menopausal woman from age, baseline BMD, and
bone loss is available on the Internet.61 This system
predicts that high-risk postmenopausal women will
have more than one fracture if not treated.

In one study, combining quantitative ultrasonogra-
phy, BMD, and clinical risk assessment (body weight,
age, fall history, balance performance, and gait speed)
identified a high-risk group (1 in 10 chance of having
a hip fracture over the next 4 years), compared with a
low-risk group (1 in 40 chance).62

Another proposed strategy includes a stepwise
approach based on intervention thresholds. In a first
step, based on clinical risk factors, individuals are iden-
tified at high, intermediate, and low risk for fractures.
BMD measurement would then be restricted to the
intermediate risk group to recategorize such individu-
als to a high- or low-risk group.7 This approach still
needs more formalization before it can be applied in
clinical practice. The impact of integrating more risk
factors and more combinations is in progress and must
be cautiously applied.10

Combining of risk factors and antifracture
therapy
As discussed, several guidelines have incorporated the
view that, in the presence of bone-related risk factors
that have been associated with fracture risk over and
above BMD, such as age over 65 years, personal or
family history of fragility fracture, and use of glucocor-
ticoids, intervention thresholds should be less strin-
gent, such as a T-score of −1.5 SD.

Most clinical trials have been performed using one
selection criterion, however, such as low BMD or preva-
lent fracture independent of BMD. In some studies, post
hoc analysis has shown additional value based on addi-
tional risk factors. The antifracture effect of raloxifene
was independent of the presence of major risk factors at
baseline, such as a family history of fractures, but an ele-
vated triglyceride level and low BMD values in the spine
at baseline were associated with increased vertebral
fracture risk reduction with raloxifene therapy.63

Risedronate was effective in reducing the risk of verte-
bral fractures in various subgroups at high risk, such as
in women 70 years and older and in patients with more
than one vertebral fracture at baseline.64

Many patients in clinical trials on fracture prevention
had a T-score greater than −2.5.65 Alendronate prevented
nonvertebral fractures in women with a T-score of less
than −2.0.66 In a post hoc analysis, it has been shown that
raloxifene decreased the risk of vertebral fractures in
women with osteopenia, but the fracture incidence was
low.67 There are thus indications that fracture risk pre-
vention could be achieved in patients with osteopenia.

Age is another major risk factor that has been further
analyzed as a contributor to fracture risk reduction with
drugs. Data on bone-directed drugs are scarce in elderly
people of 80 years and older. Post hoc analyses indicate
that the bisphosphonates alendronate and risedronate
reduce the risk for vertebral fractures in patients older
than 80 years,68,69 but a reduction in wrist and hip frac-
tures in elderly women of 80 years and older could only
be shown with alendronate (in patients with a prevalent
vertebral fracture or low BMD).69 Strontium ranelate did
not reduce the risk of hip fractures in the total popula-
tion studied, but a favorable effect was reported in eld-
erly (>74 years) at the condition they had a low BMD
(T-score < −2.4).70 Thus, when considering age as an
enhancer of fracture risk, low BMD still remains an
important indicator when it comes to selecting patients in
whom bone-directed drugs can reduce fracture risk,
when mediated by BMD or other non-BMD-related bone
factors. In contrast, raloxifene was significantly more
effective in reducing the risk of vertebral fractures in the
lowest versus highest age group of the MORE study.63

The application of bone turnover is promising in
daily practice but depends on well-defined cut-off val-
ues. Bone markers could also be of value in women
with osteopenia to enhance fracture risk calculation.
Currently, the use of bone markers is considered in
some guidelines but is not yet advocated for systematic
use in daily practice.5

The role of falls
Falls contribute to the occurrence of fractures, espe-
cially nonvertebral fractures. It is likely that preventing
falls would reduce the incidence of fractures. Several
fall-preventing strategies have been shown to reduce
the risk of falls in older adults.71 However, no studies
have demonstrated a reduction in fracture risk by
reducing the incidence of falls. Thus, although evaluat-
ing fall risk and prevention of falls is indicated in eld-
erly women and men, there is insufficient evidence
that this reduces the risk of fractures.

To what extent fall-related risk factors, which also
have been associated with fracture risk over and above
BMD, can be used to alter intervention thresholds is
less clear. Intervention studies have shown that bone-
directed drugs, such as risedronate, reduced the risk of
hip fractures in patients with proven osteoporosis (low
BMD, with or without prevalent vertebral fracture),
but were not effective in reducing the risk of hip frac-
ture in patients who were selected mainly on the basis
of risk of falling without proven low BMD.72 Thus, low
BMD remains an important determinant of patient
selection for therapy with bone-directed drugs in
patients with risk of falls.

One intriguing finding is that there seems to be inter-
action between fall risk and low BMD in the occurrence
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of fragility fractures.73,74 It has been shown that, com-
pared with women with normal BMD, the risk of frac-
tures is increased not only in patients with osteoporosis
but also in patients with osteopenia who had a fall, but
not in these same patients when they did not fall. This
could indicate that patients with osteopenia should have
fall prevention if they are fallers, and that fallers with
osteopenia should have prevention of bone loss. Studies
are underway to further analyze this interaction.

The effect of treatment according to the presence of
two or more risk factors is still a matter of debate.65

One reason is that many of the available data are based
on post hoc analyses, which should be interpreted with
caution, as they were not the basis of randomization.
Further studies will be necessary to further ameliorate
such approaches. The finding that fractures can be pre-
vented in populations in whom no BMD was available
opens new avenues for case finding.

Fracture risk in the absence of bone
densitometry by dual X-ray absorptiometry
When BMD measurements are not available, it appears
that patients with increased fracture risk can also be
identified using other risk factors (Table 11-6). The
large prospective epidemiological study, the SOF,
reported that low body weight predicts the risk of hip,
pelvis, and rib fractures in elderly (age ≥65) women.75

Fracture risk among women in the lowest quartile was
two or more times greater than for those in the highest
quartile. The increase in risk appears to be due to low
BMD; there was no difference in risk among weight
quartiles after adjusting for hip BMD. Thus, low body

weight can be used as an approximation to identify
patients with low BMD. The authors concluded that
body weight is useful for assessing the risk of hip, pelvis,
and rib fractures when BMD has not been measured.
In the EPIDOS study, the use of weight to select women
for bone densitometry, and then the use of clinical risk
factors to enhance the predictive value of BMD, had
the same discriminant value for hip fractures as BMD
measurement as a population screening tool.76

Other methods of identifying high-risk patients,
when BMD measurements are not available, have been
reported. One technique derived from the SOF is calcu-
lated by adding points as follows: age, a fracture after
age 50, patient’s mother had a hip fracture after age 50,
patient currently smokes, weight is 57 kg or less, and
patient cannot rise from a chair without using her arms
(Fracture Index).77 In this study, the 5-year risk rate of
nonvertebral fractures increased progressively from
11% for women with a score of 1, to 26% for women
with scores above 4. The corresponding 5-year risks
were 1% (score = 1) to 10% (score >4) for vertebral
fractures, and 0.6% (score = 1) to 8% (score >4) for hip
fractures. Adding information from BMD measure-
ments did not substantially improve the fracture esti-
mates. Thus, this tool effectively identified large
differences in fracture risk without measuring BMD.

In the Rotterdam study, BMD measurement had
only a modestly better performance than a score based
on age, gender, height, the use of a walking aide, ciga-
rette smoking, and weight.78

Almost all patients with vertebral fractures or hip
fractures have low BMD and a high risk of subsequent
fractures. Furthermore, patients with a T-score less
than −1.6 and existing vertebral fracture have a frac-
ture risk similar to that of patients with osteoporosis 
(T-score <−2.5) but without existing vertebral frac-
tures, and treatment to reduce fracture risk is effective
in both types of patients. Thus, it is reasonable to treat
patients with vertebral or hip fractures even if BMD
measurements are not available.

Other risk factors to consider in the context of case
finding for osteoporosis and fragility fractures
This review focused on case finding for diagnosis and
treatment of osteoporotic fractures. In addition, sev-
eral guidelines draw attention to other risks. All guide-
lines advocate checking reversible risk factors, such as
lifestyle (smoking), diet (calcium intake), vitamin D
exposure (sun exposure and diet), and exercise.5 These
risks should thus be checked and corrected when pos-
sible. However, such measures are mostly quoted as
“good for bone health,” as proof of the antifracture
effects of these measures is limited.5

Figure 11-6 gives an overview of the approach of case
finding in women, based on the above review.

TABLE 11-6 RISK RATIO FOR HIP FRACTURE 
ASSOCIATED WITH RISK FACTORS ADJUSTED FOR AGE. 

WITH AND WITHOUT ADJUSTMENT FOR BONE 
MINERAL DENSITY (BMD)10

Risk Indicator Without BMD With BMD

RR 95% CI RR 95% CI

Body mass index 20 vs 25 1.95 1.71-2.22 1.42 1.23-1.65
30 vs 25 0.83 0.69-0.99 1.00 0.82-1.21

Prior fracture 1.85 1.58-2.17 1.62 1.30-2.01
after 50 years

Parental history 2.27 1.47-3.49 2.28 1.48-3.51
of hip fracture

Current smoking 1.84 1.52-2.22 1.60 1.27-2.02

Ever use of 2.31 1.67-3.20 2.25 1.60-3.15
systemic 
corticosteroids

Alcohol intake 1.68 1.19-2.36 1.70 1.20-2.42
>2 units daily

Rheumatoid 1.95 1.11-3.42 1.73 0.94-3.20
arthritis



C
ase Fin

d
in

g
s in

 W
o

m
en

111

V
er

te
br

al
 fr

ac
tu

re
af

te
r 

m
in

im
al

 tr
au

m
a

S
us

pe
ct

ed
 v

er
te

br
al

fr
ac

tu
re

M
aj

or
 r

is
k 

fa
ct

or
s

fo
r 

fr
ac

tu
re

 d
ue

 to
os

te
op

or
os

is

B
M

D
te

st
(D

X
A

 h
ip

+
/–

sp
in

e)

T
-s

co
re

 <
 –

2.
5 

S
D

T
-s

co
re

 –
1.

0 
to

 –
2.

5

T
-s

co
re

 >
 –

1 
S

D

• 
P

os
tm

en
op

au
sa

l f
em

al
e

• 
>

65
 y

ea
rs

• 
Lo

w
 b

od
y 

w
ei

gh
t

• 
P

rio
r 

lo
w

 tr
au

m
a 

fr
ac

tu
re

 
• 

F
am

ily
 h

is
to

ry
 o

f o
st

eo
po

ro
si

s
• 

Lo
w

 c
al

ci
um

 in
ta

ke
 

• 
Im

m
ob

ili
za

tio
n

• 
D

is
ea

se
s 

an
d 

m
ed

ic
at

io
ns

   
as

so
ci

at
ed

 w
ith

 r
ap

id
 b

on
e

 
lo

ss
 (

fo
r 

gl
uc

oc
or

tic
oi

d
 

th
er

ap
y,

 s
ee

 s
pe

ci
fic

 
re

co
m

m
en

da
tio

ns
) 

• 
R

ad
io

lo
gi

ca
l o

st
eo

pe
ni

a
• 

H
ei

gh
t l

os
s

• 
Lo

w
 b

on
e 

m
as

s 
as

  a
ss

es
se

d 
by

 te
ch

ni
qu

es
  o

th
er

 th
an

 D
X

A

D
iff

er
en

tia
l

di
ag

no
si

s
A

 B
M

D
 te

st
 is

no
t n

ec
es

sa
ry

bu
t c

an
 b

e
us

ef
ul

 to
en

ha
nc

e
co

m
pl

ia
nc

e

T
re

at
m

en
t o

f o
st

eo
po

ro
si

s 
to

 p
re

ve
nt

 (
fir

st
 o

r 
ne

w
) 

fr
ac

tu
re

P
re

ve
nt

io
n 

of
 fr

ac
tu

re
s:

V
er

te
br

al

+ + + +

+ – + +

+
, i

f l
ow

 B
M

D
– – +

, i
f l

ow
 B

M
D

  a
nd

 >
74

 y
ea

rs

N
on

ve
rt

eb
ra

l
H

ip

B
is

ph
os

ph
on

at
es

 
S

E
R

M
s 

P
ar

at
hy

ro
id

 h
or

m
on

e
S

tr
on

tiu
m

 r
an

el
at

e

an
d

lif
es

ty
le

, a
de

qu
at

e 
ca

lc
iu

m
, a

nd
 v

ita
m

in
 D

Li
fe

st
yl

e 
+

 a
de

qu
at

e 
ca

lc
iu

m
 +

 v
ita

m
in

 D
 

C
on

si
de

r 
pr

ev
en

tio
n 

of
 b

on
e 

lo
ss

 in
 th

e 
pr

es
en

ce
 o

f
m

aj
or

 o
r 

m
an

y 
ris

k 
fa

ct
or

s 
fo

r 
os

te
op

or
os

is
 

R
ep

ea
t B

M
D

 m
ea

su
re

m
en

t a
fte

r 
1-

3 
ye

ar
s 

if 
m

aj
or

or
 m

an
y 

ris
k 

fa
ct

or
s 

fo
r 

os
te

op
or

os
is

 

Li
fe

st
yl

e 
+

 a
de

qu
at

e 
ca

lc
iu

m
 +

 v
ita

m
in

 D
 

R
ea

ss
ur

e 

R
ep

ea
t B

M
D

 m
ea

su
re

m
en

t a
fte

r 
2-

5 
ye

ar
s 

in
 th

e
pr

es
en

ce
 o

f m
aj

or
 o

r 
m

an
y 

ris
k 

fa
ct

or
s

fo
r 

os
te

op
or

os
is

C
on

fir
m

fr
ac

tu
re

 o
n

T
re

at
m

en
t

In
ve

st
ig

at
io

n
C

lin
ic

al
 p

re
se

nt
at

io
n

Fi
g

u
re

 1
1-

6.
A

ss
es

sm
en

t 
an

d
 t

re
at

m
en

t 
o

f 
o

st
eo

p
o

ro
si

s 
in

 p
o

st
m

en
o

p
au

sa
l w

o
m

en
.B

M
D

 =
 b

o
n

e 
m

in
er

al
 d

en
si

ty
; D

X
A

 =
 d

u
al

 x
-r

ay
 a

b
so

rp
ti

o
m

et
ry

; S
D

 =
 s

ta
n

d
ar

d
 d

ev
ia

ti
o

n
.



TH
E EV

A
LU

A
TIO

N
 O

F TH
E PA

TIEN
T FO

R O
STEO

PO
RO

SIS

112

Future developments
There is a trend for calculating the individual absolute
risk for fractures, which brings together the relative
risk of several independent risk factors and the timing
for fractures and enables prediction of 5- or 10-year
fracture risk.10 Such fracture risk prediction is then
adapted to the individual risk profile based on clinical
risk factors, BMD, markers of bone turnover, other
skeletal risk factors (e.g., genetics) and extraskeletal
factors. This should result in the determination of
intervention thresholds based on 10-year probability
of fracture and decisions about interventions that are
cost-effective. The cost-effectiveness of interventions
has been shown in men and women in whom hip frac-
ture probability over 10 years ranges from 1% to 10%
depending on age.10 Against this background, evalua-
tion of individual fracture risk is increasingly consid-
ered the best basis for treatment decisions.10 An
example of such an approach will be discussed in the
section on glucocorticoid-induced osteoporosis.

CASE FINDINGS IN MEN

Osteoporotic fractures in men are less common than in
women but their incidence is far from negligible.79 Risk
factors for osteoporosis (in terms of low BMD) and
fragility fractures in general are identified for men but
are less well documented than in women. Although
there is a paucity of clinical trials with fracture preven-
tion as the primary endpoint in men, post hoc analysis
indicates that vertebral fractures could be prevented by
bisphosphonates in men with osteoporosis.80

The principles of case finding are similar for men
and women, but less documentation is available for
men. Major risk factors are in general similar in
women and in men.

Hip fracture risk in men is associated with reduced
bone mass and trauma (Table 11-7). In a population
survey, an increased risk for hip fracture in men was
associated with metabolic disease and disorders of
movement or balance.81 The risk for hip fracture was
higher in individuals with a history of thyroidectomy,
gastric resection, pernicious anemia, chronic bronchi-
tis, or emphysema.81 Movement and balance disorders
associated with an increased risk for hip fracture
include neurological disorders (hemiplegia, parkinson-
ism, dementia), vertigo, alcoholism, anemia, blindness,
and use of a cane or walker.81 In addition, many more
risk factors are described in cross-sectional studies.

Among men with fractures, only 21% were found to
have a T-score less than −2.5.82 In prospective studies,
risk factors for vertebral fractures include age, self-
reported spine fracture or other major fracture, and low
body weight.41,84 Low BMD was an additional risk factor

for incident vertebral fractures.83 Risk factors for hip
fracture also included the use of a walking aid and ciga-
rette smoking.78 In an extensive meta-analyses of
cohorts from different countries, previous fractures and
a parental history of hip fracture were associated with
fracture risk in men, independent of age and BMD.26,55

In men with clinical vertebral fractures, height loss of
more than 2.5 cm is common (>50%).85 In radiographic
surveys, however, radiographic vertebral fractures have
not been related to back pain.86 Many men with clinical
vertebral fractures have decreased quality of life.85

TABLE 11-7 CAUSES OF OSTEOPOROSIS IN MEN

Endocrine diseases
Hypogonadism*
Cushing syndrome
Hyperthyroidism
Primary hyperparathyroidism
Hyperprolactinemia

Idiopathic renal hypercalciuria*
Accompanying osteomalacia
Neoplastic disease

Multiple myeloma
Myelo- and lymphoproliferative diseases

Systemic mastocytosis
Diffuse bony metastases*

Vertebral metastasis

Drugs/toxins
Glucocorticoids*
Antiandrogen therapy for prostate cancer
Alcohol abuse*
Excessive thyroid hormone replacement
Heparin
Anticonvulsants*

Genetic collagen disorders
Osteogenesis imperfecta
Ehlers-Danlos syndrome
Marfan syndrome
Homocystinuria
Hemochromatosis

Other disorders
Skeletal sarcoidosis
Gaucher disease
Adult hypophosphatasia
Hemoglobulinopathies

Other factors
Chronic illness (rheumatoid arthritis, liver/renal disease)
Prolonged immobilization
Malnutrition (including calcium deficiency and scurvy)
Gastrectomy*

Aging*
Idiopathic

Juvenile
Adult*

*Most frequent causes.
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Differential Diagnosis
In contrast to women, 50% of men with clinical verte-
bral fractures have secondary osteoporosis in some
surveys.87,88 Men with symptomatic vertebral fracture
are usually younger than women.87 Therefore, causes
of secondary osteoporosis should always be evaluated
in men with vertebral fracture, in addition to measure-
ment of BMD.

GLUCOCORTICOID-INDUCED
OSTEOPOROSIS

As always, the patient’s individual risk factors should
be carefully reviewed when initiating glucocorticoid
therapy. All guidelines on osteoporosis advocate that
patients treated with glucocorticoids deserve special
attention for increased fracture risk.5

Factors that influence bone loss and fracture risk
include the dose of glucocorticoids, the underlying
condition, and the presence of other risk factors such
as age, sex, BMI, previous personal and familial frac-
tures, diet, physical activity, smoking, alcohol con-
sumption, menopausal status, general health status,
and BMD (Table 11-8).89-91 Intermittent oral pulse

TABLE 11-8 RISK FACTOR EVALUATION FOR 
PREVENTION AND TREATMENT OF 

GLUCOCORTICOID-INDUCED OSTEOPOROSIS

Lifestyle
Smoking
Alcohol consumption
Physical activity
Calcium intake
Vitamin D status

Underlying disease
Major risk factors

Age
Gender
Menopausal status and gonadal status in men
Low body weight
Personal and familial history of fractures
Other medications

Bone mineral density measurement: at baseline and during
follow-up

Laboratory
Complete blood cell count
Serum calcium, phosphate, creatinine, alkaline 

phosphatase
If >65 years: protein electrophoresis, lipids, urinary 

calcium

STREAM DIAGRAM

Start glucocorticoids

Look for special circumstances General advices

Dose and fracture anamnesis

Intermediate dose
(7.5-15 mg/d)

High dose
(>15 mg/d)
or fracture

Low dose
(<7.5 mg/d)

Premenopausal women
<70 years

Postmenopausal women
>70 years

Start bisphosphonate

High risk

DXA
X-ray spine

Low risk

1–3 year risk

Figure 11-7. Algorithm for
prevention and therapy of gluco-
corticoid-induced osteoporosis.
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therapy (in men) and inhaled glucocorticoids have
been shown to increase vertebral fracture risk to a
greater degree than in control subjects, but patients on
the intermittent therapy were not as likely to sustain
fractures as those on continuous therapy.92

These factors should thus be considered in all
patients who are anticipated to have treatment with
glucocorticoids. An example of a case finding is shown
in Figure 11-7, based on the Dutch guidelines.93

In one study, risk calculation in glucocorticoid-
induced osteoporosis was based on age, sex, BMI, dose of
glucocorticoids, smoking, past fracture, past fall, and
underlying disease.94 This allowed calculation of the indi-
vidual fracture risk. A woman aged 65 years with rheuma-
toid arthritis, low BMI, and a previous history of fracture
and falls who used 15 mg glucocorticoid daily (total risk
score 54) had a 5-year fracture risk of 47%, as compared
with a man with a similar history whose risk was 30.1%.94
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About 30% to 50% of women and 15% to 30% of men
will suffer a fracture.1 Drugs reduce fracture risk in the
most vulnerable high-risk group, but most fractures
come from the larger population at modest risk in
whom drug therapy is not appropriate, in part, because
the number needed to treat to prevent one fracture is
very large. Thus, the public health burden of fractures
cannot be solved with drug therapy. Interventions tar-
geted to the community are needed that are safe, inex-
pensive, and available to all persons. Exercise fulfills
these requirements, but whether exercise is efficacious,
that is, reduces fracture risk, is uncertain. The purpose
of this analysis is to critically examine the evidence that
exercise in youth or adulthood reduces fracture risk in
old age.

ANTIFRACTURE EFFICACY: THE QUALITY 
OF THE EVIDENCE

There has never been a randomized trial showing that
exercise during growth or adulthood reduces fracture
risk. Randomized, double-blind, placebo-controlled
trials cannot be done. Although randomized unblinded
studies with fracture endpoints are feasible, none have
been done. Many observational case-control studies
and prospective and retrospective cohort studies report
an association with fewer fractures, but causality cannot
be inferred because these studies are hypothesis gener-
ating. Sampling bias may have produced the result:
fewer fractures occur in healthier individuals with bet-
ter coordination and higher musculoskeletal mass, fea-
tures that may be the reason exercise is taken up rather
than its consequence.

For example, several studies report that individuals
with a lower prevalence of “past or current physical
activity” are at increased risk of hip fracture.2,3 Other
studies suggest that daily standing, climbing stairs, and
walking are associated with a lower risk of hip frac-
ture.4-11 Although the issue of bias cannot be excluded,
there does appear to be a dose-response relationship,
with the most active people having fewer fractures than
the most sedentary.7 Exercise may be associated with
fewer vertebral fractures,12 whereas some studies
report an increased risk for forearm fractures.13-15

In men, several studies report an association with
lower hip fracture risk and exercise.4,7,15-21 Karlsson
and associates22 evaluated 284 retired male soccer play-
ers. Fracture prevalence was no lower in former soccer
players than in control subjects, but the small numbers
of events limit the inference that can be made using
these data. Wyshak and associates evaluated 2622 for-
mer female athletes aged 20 to 80 years. No fewer
retired athletes had fractures than control subjects
did.23 In the Leisure World Study, individuals with an
activity level of more than 1 hour per day had a
reduced risk of hip fracture, an effect that was lost in
women and men with reduced activity.7 Thus, there is
evidence of an association between physical activity in
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SUMMARY

Proof that exercise reduces fracture risk requires
demonstration of a reduction in spine and hip
fractures in well designed and executed,
prospective, randomized studies. None exist.
Blinded studies cannot be done, whereas
unblinded randomized trials are feasible but have
not been done. Data from retrospective and
prospective observational and case-control studies
suggest that physical activity is associated with
fewer fractures, but replicated sampling bias is 
an equally plausible explanation for this desired
endpoint. Exercise during growth is likely to build 
a larger and stronger skeleton. Cessation of
exercise appears to erode the structural benefits
produced during growth. Changes produced by
bone modeling in response to loading during
growth may be permanent, but remodeling
changes may not be. Exercise after epiphyseal
closure (adulthood) produces small increments in
bone mineral density (not in bone tissue mass),
perhaps by reducing the remodeling space, or may
prevent bone loss. The null hypothesis, that
exercise has no effect on fracture rates in old age,
cannot be rejected.



youth and adulthood and lower fracture risk, but sam-
pling bias cannot be excluded.

SURROGATES OF ANTIFRACTURE EFFICACY

In lieu of credible evidence of antifracture efficacy,
inferences regarding the benefits of exercise are made
based on surrogate endpoints such as the effects of
exercise on falls and the material and structural deter-
minants of bone strength during growth, adulthood,
and old age.

EXERCISE DURING GROWTH

There is little research examining whether exercise
influences material properties of bone such as the
degree of secondary mineralization of bone tissue or
the extent of collagen cross-linking. There is com-
pelling evidence that loading influences the structural
properties of bone. Long-term racket players have 10%
to 35% greater cortical thickness and higher bone min-
eral mass in the playing versus the non-playing arm.24-27

Differences in bone mineral mass appear to be two to
four times higher in the players who started training
before menarche than in those who started training
more than 15 years after menarche.28 Studies in com-
petitive athletes demonstrate biologically important
changes in bone size and architecture achieved by exer-
cise during growth.29, 30 The results of prospective and
retrospective cohort and prospective intervention
studies are supportive.31-39

Periosteal apposition is active during the prepuber-
tal years in boys and girls. During puberty, periosteal
expansion continues in boys but ceases in girls.40-44

Endocortical contraction occurs in girls and not in
boys. Effects of exercise may be partly determined by
these surface- and gender-specific growth patterns,
increasing bone size before puberty in boys and girls to
a similar extent. At puberty, as periosteal apposition
continues in boys but stops in girls, exercise may
increase periosteal apposition in boys but not girls and
increase endocortical apposition in girls but not in
boys. Experiments addressing these possibilities have
not been done.

Prepubertal gymnasts have a larger cross-sectional area
of the forearm despite a smaller stature.29 Bass and col-
legues30 and Bradney and colleagues35 reported that pre-
pubertal gymnasts increased volumetric bone mineral
density (BMD) at the midfemoral shaft due to endocor-
tical contraction not periosteal expansion. Using quanti-
tative computed tomography, Bass and colleagues39

reported that exercise in the pre- and peripubertal tennis
players produced a periosteal response, whereas endo-
cortical contraction was the dominant response in the

postpubertal players. The surface-specific responses may
also depend on the type of sport. In tennis players, a
greater proportion of the forces may be torsional,
whereas in gymnasts a greater proportion may be axial.
Loading after puberty increased volumetric BMD due to
thicker trabeculation at the radius and medullary nar-
rowing.45-47 In a cross-sectional study of young tennis
players, endocortical contraction was found distally and
expansion proximally at the humerus.39

Trabecular numbers are determined at the growth
plate in utero and remain constant during growth. Tra-
beculation of the cortex as endocortical remodeling
proceeds also contributes as resorption excavates the
marrow cavity during growth. Whether exercise can
influence trabecular number by modifying endochon-
dral bone formation and its regulators is unknown.

Trabeculae increase in thickness during growth and
probably do so similarly in males and females, perhaps
because this process is mediated through the estrogen
receptor.48, 49 Loading may also mediate its effects, in
part, through the estrogen receptor (ER). In vitro,
strain and sex hormones increase osteoblast prolifera-
tion. The effects are additive, and the effect of testos-
terone is estrogen-dependent because aromatase
blockers prevent the proliferative effect. In part, the
effect may be mediated by insulin-like growth factor
(IGF)-1 (antibodies to IGF-1 block the effect) whereas
strain effects are IGF-2 dependent (antibodies to IGF-2
block the effect). It is likely that the effects are mediated
through ER-α (ER-α knockouts do not respond to
strain, IGF-1, or IGF-2 with osteoblast proliferation).

EXERCISE IN ADULTHOOD AND OLD AGE

Moderate exercise in adulthood has little effect in
increasing bone mineral mass. Whether there is an
anabolic effect on increasing bone tissue mass is not
known. Aerobic exercise results in either small
increases in BMD (2–3%), no change in BMD, or a
decline in BMD.50-52 Weight training produces changes
of 1% to 2% and no change or a loss in BMD.53-57

High-impact loading has a modest effect. In one study,
56 subjects were randomized to a high- or low-impact
exercise group.58 One side of the body was loaded.
Increases of around 1% to 2% were found in the high-
impact, low-repetition group at the trochanter, Wards
triangle, and ultradistal radial site. Similar small effects
(3–4%) are reported in other studies.59, 60 Thus, moder-
ate exercise in young adult women is unlikely to result
in large increases in BMD. The benefits are probably
the result of changes in the remodeling space and
revert once the exercise has stopped.52, 61

Prospective studies are difficult to evaluate, as the rate
of drop-out ranges from 22% to 41% and compliance
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is 39% to 100%. At best, these studies suggest that impact
and nonimpact exercise in the elderly prevents bone loss
or increases BMD by a few percentage points.62-76 In some
studies, bone loss occurs.71,72 In a meta-analysis involving
postmenopausal women (120 exercisers, 110 control sub-
jects) from six prospective randomized or nonrandom-
ized studies, activity increased fermoral neck (FN) BMD
by 2.4% (2.1% in exercisers plus the −0.3% decrease in
control subjects). The drop-out rate ranged from 0% to
14%, compliance was 39 to 90%, and 67% of all studies
reported significant exercise-induced skeletal benefits.77

Little detailed analysis has been done on the mecha-
nisms and structural basis for any prevention of bone
loss or increase in BMD in elderly people. At the onset
of exercise, if activation frequency falls, sites undergo-
ing remodeling before exercise begun will complete
filling of the remodeling space and produce an increase
in BMD. After steady state, if exercise suppresses
remodeling, bone loss will slow. Whether exercise
reduces the volume of bone removed by osteoclasts or
increases bone formation by the osteoblast is not
known. Does exercise reduce osteoclast generation,
motility, adhesion, activity, or lifespan? Does exercise
increase osteoblast production, matrix deposition,
mineralization rate, or lifespan? If there are effects on
periosteal apposition in old age, why are these less than
during growth? Studies have not been done to explore
the cellular and surface-specific effects of loading during
adulthood and old age.

CESSATION OF EXERCISE

It is likely that cessation of exercise results in bone loss.
When exercise is undertaken during growth, changes
in bone size and shape achieved by loading may be per-
manent, whereas those derived by remodeling, such as
endocortical accrual, or perhaps trabecular thickening,
may be lost. Slowing of bone loss or modest incre-
ments in BMD induced by exercise started in adult-
hood are likely to be the result of filling remodeling
transients that reverse when exercise is stopped.

If the effects of exercise started in youth or adulthood
are lost, then why should one take up exercise? If the
effects of exercise during youth can be maintained by
lesser levels of exercise in later life, then information is
needed defining the level of exercise needed to sustain a
biologically worthwhile benefit in bone structure.

Lifetime tennis players aged 70 to 84 years playing at
lower levels of intensity than during youth have a 4%
to 7% higher radial bone mineral content than control
subjects.25 Retired soccer players have high BMD dur-
ing the first 10 to 20 years after cessation of sport, but
BMD is lower than in active soccer players.22 Other
studies suggest that BMD is maintained by about 0.5 to

1.0 SD above the age-predicted mean in athletes retired
for 10 to 20 years.22,30,78-86 Haapasalo and coworkers
suggested that exercise enlarges bone size without a
change in volumetric BMD.47 This benefit was main-
tained after retirement. The marrow cavity was wider,
not more narrow, in the playing arm, suggesting that
the players had greater net endocortical resorption
during activity or that bone loss occurred on the endo-
cortical surface after retirement.47 These observations
fit with the notion that exercise produces enlargement
of bone size that is permanent after retirement but that
endocortical changes—maintenance due to reduced
resorption or thickening due to bone formation—may
be lost.

MUSCLE SIZE, MUSCLE STRENGTH, 
AND BONE MINERAL DENSITY

Muscle size, strength, neuromuscular fiber recruit-
ment, and balance decrease with advancing age and
correlate with the risk of falling.87-91 Muscle strength is
an independent predictor of femoral neck BMD in
some, but not all, studies.92-95 Grip strength correlates
with BMD,96 but the correlation between strength and
BMD may be accounted for by muscle size.95 It is likely
that muscle size and bone size share the genetic deter-
minants producing this association.95 In 56 monozy-
gotic and 56 dizygotic female twin pairs, with a mean
age of 45 years (range, 24–67), genetic factors account
for 60% to 80% of the variance in femoral neck BMD
and lean mass and more than 50% of their covariance.
Thus, higher BMD associated with a higher muscle
mass does not necessarily mean exercise produced
both (or either); the correlation between them may be
the result of genetic factors.

EXERCISE AND FALLS

Exercise improves balance, coordination, muscle
strength, reaction time, protective responses during
fall, lean body mass, and mobility.97-107 Strength can be
increased by 20% to 200% even in octogenarians. This
increase is greater than the increase in cross-sectional
muscle area of 2% to 20% or BMD.107-114 Minimal
exercise increases muscle strength. Cessation of exer-
cise results in loss of muscle size.108 Less than 5% of
falls lead to a fracture and only 0.2% to 1.0% of falls
result in a hip fracture.100,106,116-119 In prospective stud-
ies, hip fractures occurred in 7 of 507 falls,119 4 of 272
falls,100 and 1 in 490 falls.106 Thus, exercise may reduce
falls but whether it reduces fractures is unclear.107,120-125

Not all studies support a reduction in risk for
falls.107,112,126 In some studies, the most inactive and the
most active persons have the highest risk for fall.120-122
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Tinetti and associates and O’Loughlin and associates
also found that women who do a variety of different
types of physical activity had an increased risk of falls. A
Cochrane collaboration review of interventions to pre-
vent falls in elderly people concluded that exercise
alone does not reduce the risk for falls.125-129 One study

suggested that the benefits with reduced fall frequency
achieved by intervention disappear 2 years after the
completion of the intervention.130 Thus, the literature is
inconsistent in the reported benefits of exercise against
falls, and whether exercise reduces the incidence of
fractures in elderly men and women remains uncertain.
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OSTEOPOROSIS: A DEBILITATING DISEASE
THAT CAN BE PREVENTED AND TREATED

Osteoporosis is a progressive skeletal disease in which
bones become fragile and more likely to break. Bone
fragility is due to the low bone mass and microarchi-
tectural deterioration of bone tissue in osteoporotic
patients.1 If not prevented or if left untreated, osteo-
porosis can progress painlessly until a bone breaks.
These broken bones, or fractures, occur typically in the
hip, spine, and wrist.1 Osteoporosis can occur as a
result of poor bone growth in childhood and adoles-
cence, or as a result of bone loss.2 Although women are
more likely than men to develop the disease, men also
suffer from osteoporosis and fractures.3 Both men and
women have a decline in bone mineral density (BMD)
beginning in the fourth decade of life, and women
experience an accelerated decline after menopause.4

Because women have a longer lifespan than men, have
smaller bones, and suffer an accelerated loss of bone
mass after menopause, their lifetime risk of osteo-
porotic fracture is higher than that of men. The life-
time risk of osteoporotic fracture at the age of 50 years
for white people, taking into account future mortality
trends, has been estimated at 47% for women and 22%
for men.5

Any bone can be affected, but of special concern are
fractures of the hip and spine. A hip fracture almost
always requires hospitalization and major surgery. It
can impair a person’s ability to walk unassisted and
may cause prolonged or permanent disability or even
death. The risk of sustaining a hip fracture throughout
life is 23% for women and 11% for men at 50 years of
age.5 Spinal or vertebral fractures also have serious
consequences, including loss of height, severe back
pain, and deformity. The risk of sustaining vertebral
fractures is approximately 15% for women and 8% for
men.5 More recent data suggest that there may be an
even greater prevalence of vertebral fractures in men.3

The prevalence of all types of fractures rises with
increasing age, and the risk of hip and vertebral frac-

ture rises exponentially.6 Farmer and colleagues6 found
that in white women, the incidence of hip fracture rises
from 50 per 100,000 at 50 years of age to 237 per
100,000 at 65 years of age. It is projected that as the
global population ages, there will be dramatic increases
in the incidence of osteoporosis and the risk of frac-
ture. In addition, the rise of osteoporotic fracture is
independent of demographic changes, owing to factors
such as less active lifestyles, increased use of alcohol
and psychotropic drugs, and increased body height.7,8

Therefore, osteoporosis has become a growing health
care problem across Europe and North America.

CONSEQUENCES OF OSTEOPOROSIS

Osteoporotic fractures not only have physical conse-
quences for the patient but can have psychological and
social consequences as well. Fractures in the vertebrae
can cause loss of height, back pain, immobility, and
deformity and can lead to decreased pulmonary func-
tion,9-13 whereas hip fractures can cause chronic pain,
disability, and dependence on others.14 Depression and
poor body image can result, as can a loss of self-
esteem.9,12,15-19 As a result of these fractures, the rate of
nursing home admissions rises with age, and 10% to
20% of patients living in the community require long-
term care after sustaining a hip fracture.20

Excess mortality is a result of osteoporotic frac-
tures.21,22 A 50-year-old woman’s risk of dying as a
result of sustaining a hip fracture is equivalent to the
risk of death from breast cancer and four times higher
than the risk of death from endometrial cancer.23

Patients younger than 70 years also contribute to the
excess mortality associated with osteoporosis.24

Osteoporosis has a major financial consequence as
well, owing to the disease’s high prevalence and mor-
bidity rate. Lippunner and associates found that the
cost of hospitalization for people sustaining osteo-
porotic fractures in Switzerland was higher than the
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cost for those admitted with myocardial infarction,
breast cancer, and stroke.25 Nearly 500,000 Europeans
sustain hip fracture each year, costing approximately
∈4.8 billion.26 Costs associated with patients after hos-
pital release, including nursing care, are substantial.27

Although techniques used to diagnose and treat osteo-
porosis have been developed, men and women are still
underdiagnosed and undertreated; therefore, health
care costs associated with osteoporosis are expected to
rise dramatically.28,29

CALCIUM SUPPLEMENTATION AND
ITS EFFECTS

Although the focus of this chapter is on calcium, it is
very difficult to discuss calcium in isolation from vita-
min D. Hence, where appropriate, we have included
vitamin D in our discussion; however, it is discussed in
greater depth in Chapter 14. The medical and nutri-
tional communities have known of the importance of
calcium and vitamin D in bone health since the early
1990s,30-33 as women with low milk intake during
childhood and adolescence have been shown to have
less bone mass in adulthood and greater risk of frac-
ture.34 For example, Matkovic and coworkers35 found
that nutrition, particularly calcium intake, is an impor-
tant determinant of bone mass in young adults.
However, it was found that nutritional intake had little
effect on age-related bone loss in males and females.
Other nutrients have been shown to be critical to BMD
as well, such as energy, protein, calcium, magnesium,
zinc, and vitamin C.36 Peak bone mass is determined in
part by calcium intake, which helps develop strong
bones in adolescence and slows bone loss later in life.30-33

Vitamin D deficiency impairs calcium absorption and
causes an increase in parathyroid hormone, leading to
bone resorption and increased bone loss.4,37-41

Therefore, calcium and vitamin D are important ele-
ments that protect against osteoporosis by preventing
increased bone resorption caused by secondary hyper-
parathyroidism. Because elderly people are particularly
susceptible to vitamin D deficiency owing to lack of
sunlight exposure and the decreased capacity of the
skin to produce vitamin D3 with age, vitamin D defi-
ciency is an important risk factor for osteoporosis,
especially in elderly populations.

Although there is no universal consensus on the
optimal daily calcium intake, the Food and Nutrition
Board of the Institute of Medicine, National Academy
of Sciences in the United States, predicts that 1200
mg/day of calcium for people older than 50 years is
adequate and 1000 mg/day for younger adults is
appropriate.42 In Europe, the recommended intake for
all ages is 700 to 800 mg/day.43 The amount of vitamin
D that is required depends on the presence of ultra-

violet light exposure and race, age, social condition,
and geographic location. Europeans are advised to
have an intake of up to 400 IU of vitamin D daily up to
the age of 65 and 400 IU daily after 65 years of age.43

Unfortunately, many do not reach the ideal intake of
calcium and vitamin D.41,44 Elderly individuals are least
likely to reach adequate daily intakes because of low
dietary intakes and inadequate sun exposure.45 As the
elderly are often deficient in both calcium and vitamin
D, both calcium and vitamin D should be supple-
mented to improve bone health.

The World Health Organization (WHO) Colla-
borating Centre for Public Health Aspects of
Rheumatic Diseases (Liege, Belgium) and the WHO
Collaborating Centre for Osteoporosis Prevention
(Geneva, Switzerland) along with an international
expert panel met in Barcelona in 2002 to discuss the
implications for the use of calcium and vitamin D in
the prevention and treatment of osteoporosis. As a
result of this meeting, the European Union (EU)
Directive 2002/46/EC on vitamins and minerals used
as ingredients of food supplements with physiological
of nutritional effect was enforced in 2003. The panel
concluded that osteoporosis requires continuing
medical attention to ensure the best therapeutic
effects and that calcium and vitamin D supplementa-
tion have been shown to be safe and effective agents in
the prevention and treatment of osteoporosis and
osteoporotic fractures. It was determined that cal-
cium and vitamin D are first-line medications in the
management of osteoporosis and are cost-efficient
options in the prevention and treatment of this dis-
ease. However, the panel found that many patients
with osteoporosis would also require antiresorptive
therapy in addition to this vitamin and mineral sup-
plementation. The panel concluded that the public
does not know the efficacy of this form of osteoporo-
sis treatment, and that awareness among physicians
and patients, particularly women, is low. It was sug-
gested that calcium and vitamin D continue to be
produced to Good Manufacturing Practice standards
and that they be prescribed in optimal amounts so
that they can continue to be classified as medicinal
products.46

Organization Recommended Recommended 
Calcium Intake Vitamin D Intake

The Food and 1200 mg/day for 
Nutrition Board those >50 yr
of the Institute 1000 mg/day for 
of Medicine those <50 yr

Europe 700-800 mg/day 400IU/day
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CALCIUM SUPPLEMENTATION IN CHILDREN

Johnston and colleagues47 found that prepubertal twins
given calcium supplements had significantly greater
increases in bone mineral density at radial sites and in the
lumbar spine after 3 years than twins who did not receive
supplementation. It was concluded that even in prepu-
bertal children whose dietary intake of calcium
approached that of the recommended dietary allowance,
calcium supplementation increased the rate of increase
in BMD. If this gain persisted, a high peak bone density
and a reduced risk of fracture were deemed possible.
Rozen and colleagues48 demonstrated in 2003 that cal-
cium supplementation of postmenarcheal girls with low
calcium intakes enhances bone mineral acquisition,
especially in girls more than 2 years past the onset of
menarche. Similarly, calcium supplementation and exer-
cise enhance bone mineral status in adolescent girls.49

DIETARY CALCIUM IN POSTMENOPAUSAL
WOMEN

Providing women with high-calcium skimmed milk
has also been shown to reduce the rate of bone loss at
clinically important lumbar spine and hip sites in post-
menopausal Chinese women in Malaysia.50 Similarly,
dietary improvements in elderly women with low bone
mass index is associated with a reduction in bone
resorption with a small but “net” positive effect on
bone formation.51

CALCIUM SUPPLEMENTATION IN
POSTMENOPAUSAL WOMEN

As many individuals have been found to be deficient in
calcium or vitamin D, or both, researchers have begun
to study the effects of supplementation (Figure 13-1).
Some researchers, such as Ulrich and associates,52

found that there is no significant short-term effect of
calcium supplementation on biochemical markers of
either bone resorption or formation. Michaelson and
associates53 and Lamke and associates54 have found no
evidence to indicate that a high dietary calcium or vita-
min D intake is of value in the primary prevention of
osteoporotic fractures in women. Other studies, how-
ever, have shown the benefits of supplementation. For
example, Dawson-Hughes and colleagues55 concluded
that healthy older postmenopausal women with a daily
calcium intake of 400 mg or less can significantly
reduce bone loss by increasing calcium intake to 800
mg per day and that calcium citrate malate supple-
mentation was a more effective supplement than
calcium carbonate. Similarly, Recker and colleagues56

found that in elderly postmenopausal women with
spinal fractures and calcium intakes of less than 1
g/day, calcium supplementation of 1.2 g/day reduces
the incidence of spinal fractures and prevents bone
loss. Prince and colleagues57 found that calcium sup-
plementation in postmenopausal women (at least 10
years after menopausal onset) by either calcium tablets
or milk powder resulted in the prevention of bone loss
and fracture at the intertrochanteric hip site, the

Figure 13-1. Probability of no fracture in
postmenopausal women treated with
calcium supplementation or placebo for 4
years. The difference in fracture rates
between the two groups was significant
(P = .037). (From Nieves JW, Komar L,
Cosman F, Lindsay R: Calcium potentiates
the effect of estrogen and calcitonin on
bone mass: review and analysis. Am J Clin
Nutr 1998:67:18-24.)



trochanteric hip site, the femoral neck site and at the
tibia. Reid and coworkers58 found that calcium supple-
mentation in postmenopausal women (at least 3 years
after menopausal onset) reduced the rate of loss of
BMD of the total body. Much of the difference in trial
results would appear to be related to differences in age.
Young postmenopausal women do not have any
apparent benefit whereas elderly postmenopausal
women do benefit. This may be explained by the dom-
inant effects of menopause over calcium on bone
metabolism. In addition, it may be that many younger
postmenopausal women are more likely to have ade-
quate vitamin D stores compared with older women,
who may be less efficient in synthesizing vitamin D
and metabolizing it to its active metabolites.

Cooper and colleagues59 found that in younger post-
menopausal women whose average baseline serum
25-hydroxyvitamin D concentration was well within
the normal range, the addition of 10,000 IU vitamin D2

per week to calcium supplementation at 1000 mg per
day did not confer benefits on BMD beyond those
achieved with calcium supplementation alone. There-
fore, individuals may only benefit from calcium and
vitamin D supplementation if they have insufficient
calcium and vitamin D intakes. Similarly, it has been
shown that calcium and vitamin D3 supplements only
had minor influences of uncertain significance on
the calcium balance in healthy, calcium- and vitamin
D–sufficient early postmenopausal women.60 In addi-
tion, Riis and associates61 found that calcium supple-
mentation has only a minor effect on the loss of
cortical bone and no effect on the loss of trabecular
bone in early postmenopausal women.

In older individuals, however, Grados and col-
leagues62 confirmed that there is a high prevalence of
calcium and vitamin D deficiencies in elderly female
outpatients in France. In this population, calcium and
vitamin D supplementation was effective in correcting
these deficiencies and in returning 25-hydroxyvitamin
D values to normal. Simultaneously, bone remodeling
slowed and BMD increased. Grados63 also demon-
strated that short-term changes in bone resorption
markers can predict long-term variations in BMD in
elderly women with vitamin D insufficiency receiving
calcium and vitamin D supplementation. A study by
Larsen and associates64 supported the idea that vitamin
D and calcium supplementation may prevent osteo-
porotic fractures in community-dwelling elderly peo-
ple in the northern European region known to be
deficient in vitamin D, especially during winter peri-
ods. Dawson-Hughes and associates65 found that
healthy postmenopausal women with vitamin D
intakes of 100 IU daily can significantly reduce spinal
bone loss in the winter by increasing the intake of vita-
min D to 500 IU each day. They observed that changes

in bone, lean tissue, and fat were related to season.
Furthermore, Dawson-Hughes66 has concluded that
adequate calcium intake may help promote the favor-
able effect of dietary protein (which promotes
osteoblast-mediated bone formation) on the skeleton
in older individuals.

The combined supplementation of calcium and vita-
min D reduces the risk of fractures. Chapuy and
coworkers showed in a randomized, double-blind,
multicenter, placebo-controlled trial that providing
elderly people in institutions with both calcium and
vitamin D reduces the risk of nonvertebral fractures.67-69

A total of 3270 women with inadequate dietary cal-
cium intakes at baseline were included in this study,
and 44% of these subjects were vitamin D deficient as
well. At 36 months, the supplementation was shown to
reduce the incidence of hip fractures by 23% and of all
nonvertebral fractures by 17.2%.68 Of those who
received vitamin D therapy, there was a 29% reduction
in hip fractures and a 24% reduction in all nonverte-
bral fractures. The benefits of this calcium and vitamin
D supplementation were seen after 1 year,67,69 and 46
hip fractures and 21 nonvertebral fractures were pre-
vented. BMD changes were seen at 18 months, with the
BMD of the proximal femur increasing by 2.7%, with
a 4.6% decrease in the placebo group. The researchers
also noticed improvements in secondary hyper-
parathyroidism. Average parathyroid hormone levels
decreased by 35% and vitamin D levels increased by
150%. Most benefits from the supplementation were
seen at 6 months, and several of the patients with ele-
vated parathyroid hormone and low vitamin D levels
at the beginning of the study had normal values by the
end of the study.68 Harwood and colleagues70 found
similar results in their 2003 study. They found that
vitamin D supplementation, either orally or injected,
suppressed parathyroid hormone, increased bone
mineral density, and reduced the incidence of falls.
They concluded that these effects might be more
marked with calcium co-supplementation, highlight-
ing the benefits of supplementation with both calcium
and vitamin D. Riggs and colleagues71 found that long-
term administration of calcium to elderly women par-
tially reversed age-related increases in parathyroid
hormone and decreased bone loss. They concluded
that calcium supplementation could be effectively used
to prevent bone loss in elderly postmenopausal women
with normal bone mineral density values for their age.

Daily supplementation with 500 mg of calcium and
700 IU of vitamin D more than halved the incidence of
nonvertebral fractures in a study of 389 subjects 65
years of age and older. During the course of the study,
members of the placebo group sustained 26 fractures,
whereas members of the supplemented group sus-
tained only 11 fractures.72 Trivedi and coworkers73
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studied the benefits of high doses of vitamin D over
long periods. Researchers provided 100,000 IU of vita-
min D3 to patients every 4 months and saw a decrease
in the incidence of fractures caused by osteoporosis.

Recently Shea and associates74 concluded that cal-
cium and vitamin D supplementation has some benefit
in preventing the onset of osteoporosis. The addition of
calcium alone, although not significant, was found to
have some beneficial effects on its own.74 The addition
of vitamin D supplementation, however, provided a
further significant reduction on osteoporotic frac-
tures.75 Although no specified type of calcium has been
proven to prevent fractures better than any other type,
Kenney and colleagues76 have shown that calcium cit-
rate supplementation decreases the collagen cross-link
resorption markers, urinary N-telopeptide, C-telopeptide,
free deoxypyridinoline, and serum N-telopeptide,
compared with no significant change after calcium
carbonate supplementation. Further studies of various
calcium treatments can help elucidate the most effective
form of calcium supplementation.

CALCIUM AND VITAMIN D
SUPPLEMENTATION: A COST-EFFECTIVE
MEASURE

It has been determined that calcium and vitamin D sup-
plementation has proved efficacy in preventing osteo-
porotic fractures. This form of prevention and treatment
is a cost-effective one, owing to the high economic cost
of treating osteoporotic patients and the low cost of
providing patients and those at risk of developing
osteoporosis with this supplementation. Lilliu and col-
leagues77 studied the cost-effectiveness of supplying insti-
tutionalized women with 1200 mg/day of calcium and
800 IU/day of vitamin D. Using the seven European
countries involved in the Chapuy trial, they found that
the total costs in the placebo groups were higher than in
the groups supplemented with calcium and vitamin D. 
A net benefit of ∈79,000 to ∈711,000 per 1000 women
was seen. Because treatment is also effective in decreasing
the incidence of nonvertebral fractures, this cost analysis
may be an underestimate. Therefore, Lilliu and col-
leagues found that calcium and vitamin D3 supplemen-
tation is cost-effective in hip fracture prevention and
concluded that calcium and vitamin D should be a first-
line preventative and therapeutic measure of osteoporo-
sis. Rosner and colleagues78 agree that calcium and
vitamin D therapy is in fact cost-saving.

CALCIUM AND VITAMIN D THERAPY IN
CLINICAL PRACTICE

Calcium and vitamin D have been shown to be effec-
tive in the prevention and management of osteoporosis

when prescribed in controlled and appropriate
amounts in trials. To ensure optimum efficacy and
safety, clinicians should supervise the supplementation
of calcium and vitamin D according to the WHO and
the panel of osteoporosis experts’ guidelines.

According to a survey conducted in 1999 by the
International Osteoporosis Foundation,26 most women
are aware of the seriousness of osteoporosis, but only
20% believed they were at risk themselves. Awareness
or personal risk of osteoporosis was found to be low
among both men and women, and fewer men than
women are aware that osteoporosis can affect men.79

Furthermore, the International Osteoporosis Founda-
tion survey demonstrated that less than one-third of
physicians discuss osteoporosis with their patients and
their awareness of the disease and its diagnosis is low.

Therefore, although many people know that osteo-
porosis exists and has serious consequences, most indi-
viduals do not think they will be affected by this disease
and do not seek preventative and therapeutic care for
themselves. Compliance with therapy is likely to be
better for individuals who discuss osteoporosis with
their physician and follow up with the physician on a
regular basis. According to the WHO, if financial reim-
bursements are provided and calcium and vitamin D
are classified as medicinal products, patients are more
likely to continue with the long-term supplementa-
tion. Dawson-Hughes and colleagues80 showed that
long-term compliance was essential, as the benefits of
calcium and vitamin D supplementation fade in the
femoral neck 2 years after treatment withdrawal.

CALCIUM AND VITAMIN D
SUPPLEMENTATION AS ADJUNCTIVE
THERAPY

Hormone replacement therapy (HRT) is commonly
used by postmenopausal women to replace lost estrogen
and prevent bone loss. However, there is evidence that
HRT is less effective in patients with low calcium and
vitamin D serum levels, and they cannot reach their full
effect.81-84 For example, a recent Finnish OSTPRE study
concluded that low calcium intake might be a risk factor
for nonresponse from HRT.84 Sirola and colleagues
found the nutritional calcium intake may protect HRT
users from bone loss, and low nutritional calcium intake
may be a risk factor for nonresponse to HRT.84 Similarly,
Nieves and coworkers83 demonstrated that an annual
increase in lumbar bone mass of patients given estrogen
alone was 1.3%, whereas those receiving calcium and
estrogen had an increase of 3.3% (Figure 13-2).

Likewise, Masaud and coworkers82 found that sup-
plementation with calcium and calcitonin increased
lumbar spine bone mass by 2.1%, versus a decrease of
0.2% in those with calcitonin supplementation alone.
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Other studies have shown even greater results with the
addition of other hormones.

Prince and associates85 found that in postmenopausal
women with low bone density, bone loss can be slowed
or prevented through exercise plus calcium supplemen-
tation or hormone replacement therapy. They found
that the exercise-hormone regimen was more effective
than the exercise-calcium regimen, although it caused
more side effects than the other regimen. Ettinger and
associates86 found that with calcium supplementation,
the dose of estrogen could be reduced. Similarly,
Strause and associates87 found that bone loss in older
postmenopausal women can be prevented with calcium
supplementation as well as trace mineral supplementa-
tion. Therefore, to achieve maximum benefits, patients
with osteoporosis should receive an antiresorptive
agent along with calcium and vitamin supplements,
and the addition of other agents can further aid in the
protection of bone.

THE BENEFITS OF EXERCISE AND CALCIUM
IN PREVENTING OSTEOPOROTIC FRACTURES

Patients with osteoporosis can benefit greatly from
exercise in addition to calcium and vitamin D supple-
mentation. Results demonstrate that regional BMD
can be improved with aerobic, weight-bearing activity
combined with weight lifting at clinically relevant sites
in postmenopausal women.88 Overall, in recently post-
menopausal women who are in good health and are
believed to have a fairly low fracture risk, optimizing
the daily calcium intake and faithfully adhering to a
program of athletic activities or workouts can help to
maintain a satisfactory bone mass.89 Nelson and
coworkers found that trabecular BMD at the lumbar

spine increased by 0.5% in exercising postmenopausal
women and decreased by 7% in sedentary women.
Femoral neck BMD increased by 2% in women con-
suming high dietary calcium and decreased by 1.1% in
those with moderate calcium intake. Therefore, the
researchers conclude that a high-calcium diet with
exercise can effectively protect against bone loss and
fracture.90 Similarly, calcium supplementation and
exercise enhance bone mineral status in adolescent
girls.49 However, whether this is a lasting benefit, leading
to the optimization of peak bone mass and a reduction
in fracture risk, needs to be determined.

CONCLUSIONS

Osteoporosis is a progressive skeletal disease requiring
medical attention and supervision to prevent fracture.
Calcium and vitamin D supplementation has been
shown to reduce the incidence of osteoporotic frac-
tures if given in appropriate, safe doses. The combined
calcium and vitamin D supplementation is a cost-
effective measure in preventing and treating osteo-
porosis. In addition, the combination of calcium,
vitamin D, and antiresorptive supplementation will
benefit those with osteoporosis. Awareness among
physicians, patients, and people at risk is low, and pre-
vention and treatment of osteoporosis can be increased
through increased education. If more education and
research are conducted regarding osteoporosis and the
disease’s risks and methods of prevention, the inci-
dence of osteoporotic fracture can be reduced.
Specifically, patients and those at risk must be moni-
tored for exercise, calcium, and vitamin D levels to
maintain adequate and optimal amounts of this min-
eral and vitamin both through dietary intake and
through supplementation.

Figure 13-2. Mean (± SEM) annual percentage
change in bone mass at the lumbar spine, femoral
neck, and forearm in postmenopausal women
treated with estrogen alone (white bars; total
average calcium intake, 563 mg/d) compared with
estrogen and calcium (black bars; total average
calcium intake, 1183 mg/d). (From Nieves JW,
Komar L, Cosman F, Lindsay R: Calcium potentiates
the effect of estrogen and calcitonin on bone mass:
review and analysis. Am J Clin Nutr 1998;67:18-24.)
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The discovery last century that vitamin D plays a role
in the regulation of intestinal calcium absorption
raised the possibility of using vitamin D and its
metabolites as a treatment for osteoporosis. Although
a number of steroid compounds are classified as vita-
min D, this generic term is usually applied to the fol-
lowing two molecules:

Cholecalciferol (vitamin D3). This is formed through
the action of ultraviolet light on 7-dehydrocholes-
terol in the skin to form provitamin D3, which is
converted to cholecalciferol.

Ergocalciferol (vitamin D2). This is a less common
form of vitamin D, produced by ultraviolet irradi-
ation of the plant steroid ergosterol.

Vitamin D3 and vitamin D2, made in the skin or
ingested, are transported to the liver and metabolized
to 25-hydroxyvitamin D [25(OH)D], the major cir-
culating form. Further hydroxylation occurs in the
kidney to form the biologically active molecule 
1, 25-dihydroxyvitamin D [1, 25(OH)2D], which is
transported in the blood bound to albumin and vita-
min D binding protein. Only a small fraction of
1, 25(OH)2D circulates in its free form to bind to a spe-
cific vitamin D receptor. The binding of 1, 25(OH)2D

to its receptor regulates calcium and phosphate metab-
olism and induces a wide array of biological responses.
The term calciferol is often used to refer to both chole-
calciferol and ergocalciferol, although recent studies
indicate that vitamin D3 may have substantially greater
biological potency and longer duration of action than
vitamin D2.1 Doses of the calciferols are usually
expressed in international units. Metabolites of the cal-
ciferols and 1, 25(OH)2D are used as therapies in
osteoporosis and often referred to as calcidiol and cal-
citriol, respectively. However, the distinction between
pharmacological and physiological uses of vitamin D is
important, because the doses involved and their safety
are substantially different. Alfacalcidol is a synthetic
vitamin D3 compound, hydroxylated in position 1. It
differs from calcitriol in that it has not been hydroxy-
lated at position 25, but this conversion takes place
rapidly in the liver after oral administration. Its bio-
chemical effects are very similar to those of calcitriol,
although it may be less likely to cause hypercalcemia.2

Calcitriol has several actions, including

1. Increasing absorption of calcium and phosphate from
the small intestine. This is possibly the most impor-
tant function of vitamin D compounds.3 However,
increasing intestinal calcium absorption will not
inevitably result in an improvement in bone mineral
density (BMD). Its effect on calcium balance is deter-
mined by a subject’s vitamin D status, and there may
be differences between its effect in vitamin D–
deficient subjects versus vitamin D–replete subjects.

2. Maintenance of calcium homeostasis in the extra-
cellular fluid directly and in interaction with
parathyroid hormone (PTH).

3. Through its feedback mechanisms, regulation of its
own renal production and degradation.

4. Facilitating skeletal mineralization largely through
enhancing acquisition of environmental minerals
from the diet.

5. Stimulation of bone resorption, particularly at high
concentrations.

Vitamin D and Its Metabolites 
in the Prevention and Treatment 
of Osteoporosis
Philip N. Sambrook

14
TREATMENT OF THE DISEASE

SUMMARY

Numerous studies have demonstrated varying
effects of vitamin D and its metabolites to reduce
falls risk and prevent or treat postmenopausal
osteoporosis. The differences reported on falls risk,
bone density, and reduction in fracture rates may
be due to differences in pretreatment vitamin D
and PTH levels. The main therapeutic effect of
vitamin D supplementation appears to be in
vitamin D deficient patients, usually considered as
a serum 25OHD level less than 50 nmol/L.
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VITAMIN D DEFICIENCY AND BONE

Plasma 25(OH)D and 1, 25(OH)2D levels have both
been shown to decrease with age. This may occur as a
result of age-related factors, such as reduced capacity to
produce vitamin D and diminished sunlight exposure,4

reduced intake, and decline in renal function. Vitamin
D insufficiency, usually regarded to occur when serum
25(OH)D concentrations are between 30 and 50
nmol/L, may lead to a progressive increase in PTH
secretion, high bone turnover,5 an increase in age-
related bone loss, and an increased risk of developing
osteoporosis. Vitamin D insufficiency results in loss of
cortical bone predominately, with an increased risk for
hip fracture.6,7 Osteomalacia, on the other hand, is the
bone disease seen in cases of true vitamin D deficiency.
In severe cases, with serum 25(OH)D levels usually less
than 12.5 nmol/L, subjects may present with bone and
muscle pains, weakness, and pseudofractures. Low vita-
min D status generally has been associated with
increased risk of hip fracture in elderly people.8

Furthermore, low vitamin D status is associated with
reduced bone density9 and high bone turnover.10

VITAMIN D DEFICIENCY, MUSCLE FUNCTION,
AND FALLS

Falls are a crucial part of the pathogenesis of osteo-
porotic fractures, and the finding that 1,25(OH)2D may
affect skeletal muscle function has gained much atten-
tion in recent years. In cases of osteomalacia, a metabolic
myopathy has been noted, consisting histologically of
atrophied type 2 muscle fibers with fat infiltration, fibro-
sis, and glycogen granules. Patients typically present with
gait disturbances and difficulty in arising from a chair.
Abnormal motor performance, increased body sway,
and quadriceps weakness have been reported with serum
25(OH)D levels below 20 to 30 nmol/L in elderly men
and veiled Arab women.11,12 One randomized controlled
trial in 162 subjects (mean age, 85.3 years) over 12 weeks
demonstrated a 49% reduction in falls associated with
vitamin D and calcium treatment.13 Serum 25(OH)D
levels rose from 30.8 nmol/L to 65.5 nmol/L with
calcium plus vitamin D supplementation, and musculo-
skeletal function improved significantly. In another
8-week study of 148 women (mean age, 74) with
25(OH)D levels below 50 nmol/L, Pfeifer and asso-
ciates14 showed that calcium and supplementation with
vitamin D resulted in an increase in serum 25(OH)D lev-
els of 72%, a decrease in serum PTH of 18%, a decrease
in body sway of 9%, and a decrease in falls. Over 12
months, the number of falls per subject was 0.45 in the
calcium alone group compared with 0.24 in the calcium
plus vitamin D group. A number of other studies have
shown effects of simple and activated formulations of

vitamin D in reducing falls risk,15-17 and a recent meta-
analysis18 has shown an effect size in reducing falls risk
compared with placebo or calcium of 22% (Figure 14-1).
Furthermore, polymorphisms in the vitamin D receptor
gene have been associated with reduced quadriceps mus-
cle function.19 These findings suggest a link between vita-
min D deficiency, falls, and bone fragility fractures.

SOURCES OF VITAMIN D

The main source of vitamin D is exposure to sunlight.
There are seasonal variations in vitamin D status, such
that serum 25(OH)D levels are generally lower at the
end of winter than at the end of summer. It has been
estimated that exposure of the whole body surface to
around 10 to 15 minutes of midday sun in summer
(i.e., around one minimal erythemal dose) is compar-
able with taking approximately 15,000 IU (375 μg) of
vitamin D orally.4 Less vitamin D is synthesized at
other times of the day, during winter, and in people
with dark skin or those who are older.

Vitamin D is added to some foods in some countries,
but there may be impaired absorption of dietary vita-
min D with aging. Vitamin D3 is generally found in
small quantities in foods, but richer sources are fish,
especially high-fat fish such as salmon, herring, and
mackerel. Other sources of importance are meat and
eggs and fortified foods such as margarine. The Food
and Nutrition Board of the US Institute of Medicine
proposed a Daily Reference Intake (DRI) of 200 IU
(5 μg) for people aged 0 to 50 years, 400 IU (10 μg) for
those 51 to 70 years, and 600 IU (15 μg) for those older
than 70 years.20 This represents a tripling of the rec-
ommended intake for those over the age of 70 years.

DOSAGES REQUIRED TO TREAT VITAMIN D
DEFICIENCY

Vitamin D is stored in fat and muscle and is slowly
released, particularly during winter.21 In vitamin
D–deficient patients, it is necessary to replenish the
vitamin D stores. Although the daily requirement
for vitamin D is 400 to 600 IU per day, a much larger
dose is used to treat vitamin D–deficient patients.
Because vitamin D is fat soluble with a half-life of more
than 3 weeks, large doses are needed before changes in
serum 25(OH)D are seen. Higher doses (3000-5000 IU
daily for 6-12 weeks) may be used to replenish body
stores. Even higher doses of 50,000 to 500,000 IU orally
or 600,000 IU intramuscularly can effectively treat
vitamin D deficiency, but there is the possibility of
inducing hypercalcemia/hypercalciuria. The use of
active metabolites (calcitriol or alfacalcidol) is not rec-
ommended for treating patients with simple vitamin D
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deficiency, and changes in serum 25(OH)D levels are
not a reflection of such therapy.

CALCIUM MALABSORPTION AND
OSTEOPOROSIS

As noted, intestinal absorption of calcium declines
with age, particularly after the age of 70 years. Several
groups have reported calcium absorption in osteo-
porotic patients and in general have found that cal-
cium absorption is lower in osteoporotic subjects.22,23

However, most studies of calcium absorption have
categorized subjects as either having osteoporosis
based on the presence of vertebral fracture or not. The
relationship between intestinal calcium absorption
and bone density is unknown. In the presence of vita-
min D deficiency, low serum calcium concentration
stimulates the parathyroid glands to release PTH.5

High doses of PTH raise serum calcium concentra-
tions through an increase in renal calcium reabsorp-
tion, mobilization of calcium from the skeleton, and

intestinal absorption of calcium from the gut.
Clinically, the principal index of vitamin D deficiency
is the serum 25(OH)D level, but there are arguments
about the appropriate threshold to define vitamin D
deficiency. Many authors suggest that the vitamin
D–replete state is seen when the serum 25(OH)D level
approaches 50 nmol/L, but others suggest it is closer
to 70 nmol/L.24,25 Hypovitaminosis D is common in
the elderly, and there is some evidence that fluctua-
tions in serum 25(OH)D levels correlate with fluctua-
tions in bone density according to seasonal changes.
The principle index of altered vitamin D metabolism
is the circulating concentration of 1, 25(OH)2D.
Several groups have reported the latter to be reduced
in subjects with vertebral fractures,26 whereas other
investigators have found them to be normal. The
effects of advancing old age on renal function and
consequently 1, 25(OH)2D production and the
increasing prevalence of vitamin D deficiency in eld-
erly populations provide a basis for intervention with
these compounds in older subjects.

Primary analysis

Source
Platter et al,44 2003

Bianchi et al,41 2003

Gallagher et al,11 2001

Culosa et al,41 2004

Goodman et al,15 1995

Pooled (uncorrected)

0.47 (0.20–1.10)

0.63 (0.80–1.54)

0.50 (0.08–0.44)

0.59 (0.41–1.10)

0.91 (0.53–1.99)

0.69 (0.53–0.99)

Odds ratio
(95% Cl)

Secondary analysis

Source
Bianchi et al,41 2003

Latham et al,21 2003

Goodman et al,19 1996

Culossa et al,54 2004

Platter et al,41 2000

Trivoli et al,11 2003

Harwood et al,41 2004

Gropius et al,21 2004

Gallagher et al,11 2001

Larsen et al,38 2002

Pooled (uncorrected)

Length of
follow-up,

mo

2

5

7

9

12

12

12

24

26

42

0.59 (0.20–1.54)

1.31 (0.77–2.23)

0.91 (0.59–1.40)

0.59 (0.41–1.15)

0.47 (0.20–1.10)

0.99 (0.75–1.14)

0.18 (0.25–0.99)

1.09 (0.75–1.55)

0.53 (0.58–0.99)

0.84 (0.79–0.93)

0.84 (0.73–0.99)

Odds ratio
(95% Cl)

0.1 0.5 1.0 5.0 10.0

0.1 0.5 1.0 5.0 10.0

Favors
vitamin D

Odds ratio

Odds ratio

Favors
control

Favors
vitamin D

Favors
control

Figure 14-1. Meta-analysis of
effect size of vitamin D on falls.
(From Bischoff-Ferrari HA, Dawson-
Hughes B, Willett WC, et al: Effect of
vitamin D on falls: a meta-analysis.
JAMA, 2004 Apr 28;291(16):1999-
2006.)
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POSTMENOPAUSAL OSTEOPOROSIS:
CALCIFEROLS

Considerable interest has focused on the use of physi-
ological doses of the calciferols to correct subclinical
vitamin D deficiency. Although the most physiological
way to replace vitamin D in the housebound elderly
person might seem to be via sunlight exposure, there
appears to be impaired synthesis of vitamin D in skin
with age. Older subjects may not go outdoors often,
and ultraviolet light of the necessary wavelength 
(285-310 NM) is completely absorbed by glass. Indoor
lighting is inadequate for vitamin D synthesis, and so
older people are often reliant on dietary sources of
vitamin D. There have now been several large studies
of the effects of calciferol administration on fractures
in the elderly. Most of these studies have been per-
formed in vitamin D–deficient subjects.

Heikenheimo and associates27 studied approximately
800 elderly subjects living in Finland, of whom approx-
imately two-thirds were living in their own homes and
the remainder in municipal accommodation. Subjects
were randomized to receive either 150,000 IU vitamin
D2 annually (and in certain years 300,000 IU) or no
treatment. The mean age of the subjects was 86 years.
Follow-up was from 2 to 5 years, with a mean duration
of just over 3 years. Symptomatic fractures, confirmed
by radiographs, were the primary endpoint and were
reduced by 25% in the vitamin D–treated subjects 
(P = 0.03). Mean serum 25(OH)D levels were 31 and 14
nmol/L in the control groups, either living independ-
ently or in municipal homes, respectively.

In contrast, Lips and associates28 showed no differ-
ence in fracture rate in 2578 men and women older
than 70 years, living independently in the community,
who were randomized to receive either calciferol 400
IU per day or placebo. Over 3.5 years of follow-up,
there was no significant difference in fracture rates.
Mean serum 25(OH)D levels in the third year were 23
nmol/L in the placebo group and 60 nmol/L in the
vitamin D treated group.

In a 3-year study, Chapuy and coworkers29 reported
the effect of treatment with either calcium plus 800 IU
of vitamin D3 or placebo in more than 3000 women in
residential care in France. The subjects’ mean age was
84 years. There were more than 350 fractures in total,
of which 99% resulted from a fall. Among the subjects
receiving vitamin D, there were 32% fewer nonverte-
bral fractures and 43% fewer hip fractures, a difference
that is statistically significant. Mean serum 25(OH)D
levels were assessed in a subgroup of the patients only.
Baseline 25(OH)D levels were 33 and 43 nmol/L in the
placebo and vitamin D groups, respectively. Levels
were stable in the placebo group but rose to 100 to 105
nmol/L among those receiving active treatment. This

was accompanied by a fall in serum PTH concentra-
tions, whereas serum PTH rose in the placebo group.

More recently, Chapuy and coworkers30 performed a
similar study to their initial trial in order to replicate
their findings. In a 2-year, multicenter, double-masked
trial, 583 patients were randomized to either calcium
plus 800 IU of vitamin D or placebo. The relative risk
of hip fracture in the placebo group compared with the
active treatment group was 1.69, and based on the bio-
chemical changes, the authors concluded that calcium
and vitamin D in combination were able to reverse
senile secondary hyperparathyoidism and reduce both
hip bone loss and the risk of hip fracture in elderly
institutionalized women.

Dawson-Hughes and associates31 randomized 389
men and women older than 65 years to treatment with
either calcium plus 700 IU of calciferol per day or
placebo. Subjects were living in the community and
baseline 25(OH)D levels were 82 nmol/L. The mean
changes in BMD with treatment were +0.5% versus 
−0.7% in the femoral neck, +2.1% versus +1.2% in the
spine, and +0.06% versus −1.09% for the total body. At
the end of 3 years, these BMD differences were signifi-
cant only for total body BMD, but there were 26 sub-
jects with nonvertebral fractures in the placebo group
versus 11 in the calcium vitamin D group (P < .02).

Trivedi and associates32 reported a randomized,
double-blind, controlled trial of 100,000 IU of oral
vitamin D3 given every 4 months versus placebo in
2686 men and women aged 65 to 85 years living in the
community. After 5 years, 286 men and women had
incident fractures. The relative risk of fracture in the
vitamin D group compared with the placebo group
were 0.78 (P < .04). After treatment, serum 25(OH)D
concentrations were 40% higher in a subgroup of the
active treatment group than in placebo-treated
patients (74.3 versus 53.4 nmol/L).

More recently, the role of vitamin D supplementa-
tion in younger subjects has been examined in a ran-
domized, co-twin, placebo-controlled, double-blind
trial over 2 years.33 In this study, 79 monozygotic twin
pairs (mean age, 59 years) were randomized to either
800 IU of vitamin D3 or placebo. At 6 months, the
treatment group had an increase in serum 25(OH)D
levels, but there were no significant differences in other
serum measurements or bone markers at 3 or 6 months.
At 24 months, no significant treatment effect was seen
on BMD or calcaneal ultrasonogram. It was concluded
that vitamin D supplementation on its own cannot be
recommended for healthy postmenopausal women
with normal vitamin D levels at baseline.

Several recent large studies in which the vitamin D
status of the study population has been equivocal also
failed to show a benefit of vitamin D therapy. In the
RECORD trial, 5292 subjects (85% female) aged 70



years and older and ambulatory prior to a previous
low-trauma fracture were randomized to calcium
alone (1000 mg daily), vitamin D3 (800 IU daily),
the combination of supplements, or placebo.34

Compliance with medication was only moderate (59%
after 2 years) but after follow-up of between 24 and 62
months, there were 698 new low-trauma fractures.
However, there were no significant differences in frac-
ture rates between groups. In the Wessex Fracture
Prevention Trial, 9440 community-dwelling subjects
aged 75 to 100 years were randomized to either an
annual injection of 300,000 IU cholecalciferol or
placebo.35 In a subset of patients, mean wintertime
serum PTH levels were suppressed by 20% after treat-
ment with vitamin D. After 3 years, 609 subjects had
sustained an incident fracture but no protective effect
of vitamin D could be shown.

The use of replacement doses of calciferol appears to
be a safe intervention. Very few patients in the above
trials developed hypercalcemia, and this may be
expected in a population in which baseline levels are
low and the intention is to restore them to normal val-
ues. It is more difficult to assess the safety of pharma-
cological doses of calciferol, but vitamin D toxicity
can result in hypercalcemia due to excessive intestinal
calcium absorption.

Recently the Women’s Health Initiative (WHI)
reported its findings in the calcium plus vitamin D arm
of that study in 36,282 postmenopausal women.36

Compared with placebo, BMD increased significantly
at the hip (1.1% over 9 years) but not at other sites in
patients treated with 1000 mg of calcium plus 400 IU
vitamin D.  In the intention to treat analysis, the reduc-
tion in hip fracture with calcium plus vitamin D was
not significant (HR 0.88, 95% CI 0.72 – 1.10), however
the power of the study was reduced from 85% to 48%
by a lower than projected hip fracture rate.  Moreover
the reduction in hip fracture risk was significant in the
adherent population (HR 0.71, 95% CI 0.52 – 0.97).
The risk of renal calculi was also increased with cal-
cium plus vitamin D (HR 1.17, 95% CI 1.02 – 1.34),
however the baseline calcium intake of the study pop-
ulation was high (mean intake 1150mg per day).
Taken together all these studies suggest calcium alone
or in combination with vitamin D has a modest effect
on fracture risk but that they are most effective in those
with low dietary calcium intakes or vitamin D deficient
individuals.

ACTIVE VITAMIN D METABOLITES

The most consistent biochemical effect of calcitriol or
alphacalcidol is stimulation of intestinal calcium
absorption. This appears to be dose related and can be
seen with doses as small as 0.25 μg per day. The effect

of calcitriol on serum calcium concentration is more
varied, but in general, serum calcium level is not
significantly elevated in patients taking doses of less
than 0.5 μg per day. The effect may also be greater with
calcitriol than with alphacalcidol.2 Urine calcium
excretion may also be affected by calcitriol and rise sig-
nificantly with higher doses.

One of the first studies to assess the effects of active
metabolites on bone mass was that of Christiansen and
associates,36 who randomized early postmenopausal
women to receive calcitriol, hormone replacement
therapy (HRT), both, or neither. Bone mass was only
assessed in the forearm, however. Subjects taking HRT
with or without calcitriol showed increases in forearm
bone mineral content of about 1% over 12 months. In
contrast, the placebo group and the calcitriol group
showed a 2% decline in forearm bone mineral content.

Between 1988 and 1989, three American studies
following a similar protocol with calcitriol were pub-
lished.37-39 All subjects had at least one vertebral fracture
and were randomly allocated to receive therapy with cal-
citrol or placebo. Subjects on active therapy were started
on calcitriol 0.5 μg with dose escalation until hypercal-
ciuria or hypercalcemia occurred. Unfortunately, the
dose titration was handled differently in each center,
with the result that the patients of Ott37 received a mean
dose of 0.43 μg, those of Gallagher38 received 0.62 μg,
and those of Aloia received 0.8 μg daily.39 Not surpris-
ingly, the results from the studies were quite different. In
the Aloia study, there were significant increases in total
body calcium, distal radius bone mineral content, lum-
bar spine BMD, and metacarpal density with calcitriol
but no changes in the placebo group.39 Fracture rates
were slightly but not significantly higher in the placebo
group. Hypercalciuria and hypercalcemia were quite
common. While concluding that the effect of calcitriol
in these subjects was beneficial, the investigators did not
advocate this treatment because of the high incidence of
side effects. In the Gallagher study,38 the patients did not
have major problems with hypercalcemia, because
dietary calcium intake was reduced during dose titration.
Total body calcium remained stable over 2 years and fell
by approximately 2% in those receiving placebo. The
spine subregion of the total body scans demonstrated an
increase of 2% in BMD in those on calcitriol and a
decrease of greater magnitude in those receiving
placebo. However, there was no difference between the
groups in the number of new fractures occurring during
the study. The study by Ott and Chesnut37 was the
largest of the three studies but, as noted, used the lowest
dose of calcitriol. Bone density changes tended to be
more positive with calcitriol than in the placebo group
at the three sites assessed, although between-group dif-
ferences were not significant. However, there was a sig-
nificant decrease in distal radius bone mineral content in
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the calcitriol group, which did not occur in the placebo
group. Fractures seemed to be more common in the
placebo group than the calcitriol group, but this differ-
ence was not statistically significant. The authors con-
cluded that calcitriol was ineffective in the treatment of
established postmenopausal osteoporosis. Ott and
Chesnut subsequently published a re-analysis of these
data in which the calcitriol group was subdivided
according to the average dose of drug taken during the
study.40 The numbers by group in this post hoc analysis
were small, but the results were consistent with the data
from Aloia and Gallagher and suggested that higher
doses of calcitriol produced more beneficial effects on
bone density.

The other large study of calcitriol for the treatment
of postmenopausal osteoporosis was performed by
Tilyard.41 In this study, 622 women with at least one
vertebral fracture were randomly assigned to take cal-
citriol 0.5 μg a day or calcium and were followed for
more than 3 years. Bone density was not measured, the
primary endpoint being vertebral fracture. In the 432
subjects who completed the study, there were signifi-
cantly more fractures in the calcium-treated group
than in the calcitriol-treated subjects in both years 2
and 3, but not in year 1. The time trend from this study
shows a stable fracture rate in the calcitriol-treated
subjects with an increasing incidence of new fractures
in those taking calcium. This trend is at variance with
other calcium supplementation studies. There are
other issues of concern about this study. There were a
large number of withdrawals in the first year, and it is
also likely that a significant number of subjects were
vitamin D deficient.

More recently, Gallagher reported the results of a
randomized trial comparing calcitriol (0.25 μg twice
daily) with HRT (conjugated estrogens 0.625 mg daily),
neither, or both in 480 women aged 65 to 77 years for 3
years.17 At 3 years, increases in BMD were about twice
as great with HRT as those seen in the calcitriol-treated
patients. In the intent-to-treat analysis, HRT produced
a mean increase in BMD of 3.0% at the femoral neck 
(P < .0001) and 4.4% at the spine (P < .0001). Calcitriol
increased BMD by 0.10% at the femoral neck (P = .57)
and 1.7% at the spine (P < .01). Combination therapy
tended to produce greater increments in BMD (3.8% at
the femoral neck [P < .001] and 4.9% at the spine 
[P < .0001]) (Figure 14-2). There was a trend for a
lower fracture rate to be seen in the calcitriol groups.

Sorenson42 conducted a study of alphacalcidol in
established osteoporosis in Danish women. Substantial
increases were found in forearm bone mineral content,
but many subjects appeared to have osteomalacia.
There was also a substantial reduction in back pain
with alfacalcidol but no change in mineralized volume
on iliac crest bone biopsy.

Studies in Japan have generally demonstrated bene-
fits of alphacalcidol on bone density and vertebral frac-
tures, but descriptions of these trials are limited.43 More
details are provided in two studies by Orimo and
coworkers.44,45 In one study, 86 Japanese women
were randomized to alphacalcidol alone, alphacalcidol
plus calcium, or calcium alone and compared with
25 non-treated control subjects.44 After 2 years, the
fracture rates were 960 per 1000 patient-years in the
control group, 650 per 1000 patient-years with calcium,
and 350 per 1000 patient-years with alphacalcidol. The
combination of calcium and alphacalcidol resulted in a
fracture rate of 140 per 1000 patient-years. Both groups
of alphacalcidol-treated subjects had significantly
reduced fracture rates as compared with control
subjects. Orimo and associates45 also reported a
prospective, double-blind, placebo-controlled trial of
alphacalcidol versus placebo in 80 postmenopausal
women. In the lumbar spine, the mean BMD change
was 0.65% with alphacalcidol versus −1.14% with
placebo (P=.04). In the femoral trochanteric area,
BMD increased by 4.2% with alphacalcidol compared
with a decline of 2.4% with placebo. The vertebral frac-
ture rate with alphacalcidol was 75 per 1000 patient-
years compared with 255 per 1000 patient-years with
placebo (P = .03), although the control group had a
higher baseline fracture prevalence.

A number of meta-analyses of the efficacy of vitamin
D treatment in preventing osteoporosis in post-
menopausal women have been published. In one it was
concluded that vitamin D reduced the incidence of
vertebral fractures (RR, 0.63; 95% CI, 0.45-0.88; 
P < .01) and showed a trend toward a reduced inci-
dence of nonvertebral fractures (RR, 0.77; 95% CI,
0.57-1.04; P < .09).46 It was noted that most patients in
the trials that evaluated vertebral fractures received
active vitamin D metabolites and most patients in the
trials that evaluated nonvertebral fractures received
standard vitamin D. Active vitamin D metabolites had
consistently larger effects on bone density than stan-
dard vitamin D. It was concluded that vitamin D
decreased the risk of vertebral fractures and mainly
increased the risk of nonvertebral fracture, but the data
were uninformative regarding the relative effects of
standard and hydroxylated vitamin D (Figure 14-3).

In the other meta-analysis of simple vitamin D, it
was concluded that oral doses between 700 and 800 IU
daily were able to reduce the risk of hip and nonverte-
bral fractures in mainly institutionalized elderly sub-
jects, but a dose of 400 IU daily was insufficient (see
Figure 14-3).47 Meta-analyses of the benefit of active
metabolites of vitamin D in corticosteroid osteoporo-
sis have also been published recently48 but are not
reviewed further in this chapter, which primarily deals
with postmenopausal osteoporosis.
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Figure 14-2. Effect of calcitriol on
bone density in comparison with
estrogen or placebo. (From
Gallagher et al, JCEM, 2001.)

CONCLUSION

Many studies have been undertaken and demonstrate
the effects of vitamin D and its metabolites in reduc-
ing fall risk and preventing or treating post-
menopausal osteoporosis. The varying effects
reported on fall risk, bone density, and reduction in

fracture rates may be attributed to differences in pre-
treatment vitamin D and PTH levels. The greatest
therapeutic effect of vitamin D supplementation is
seen in vitamin D–deficient patients. It is unlikely
that vitamin D supplementation has any major role
in vitamin D–replete individuals [serum 25(OH)D
levels greater than 50 nmol/L].
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Selective estrogen receptor modulators (SERMs) rep-
resent a major therapeutic advance in clinical prac-
tice for a number of disease states associated with
menopause, such as osteoporosis, breast cancer, and
cardiovascular disease. Their benefits in these different
target tissues and their associated disease states clearly
affect clinical decisions about their use as well as cost-
benefit considerations when SERMs are considered
primarily for osteoporosis.

Unlike estrogens, which are uniformly agonist, the
SERMs exert selective antagonist or agonist effects in
different estrogen target tissues. They are a chemically
diverse set of compounds that lack the steroid struc-
ture of estrogen but possess a tertiary structure that
allows binding to the estrogen receptor.1 The first
agent to demonstrate a SERM profile was tamoxifen,
which was originally developed as an anti-estrogen and
produced significant clinical benefit when used as
adjuvant therapy in breast cancer patients. Thus,
tamoxifen acted as an estrogen antagonist in the breast
but as a weak agonist in bone.2 Gains in bone mineral
density (BMD) after 1 to 2 years of tamoxifen therapy
in postmenopausal women with or without breast can-
cer were generally small,3-5 however, and appeared to
diminish over time6 and resulted in an unclear clinical
benefit, at least in terms of hip fracture risk.7

Toremifene, another SERM, appeared to be an even
weaker bone agonist than tamoxifen.8

Newer SERMs that have been investigated to treat
and prevent osteoporosis, breast cancer, and cardio-
vascular disease include idoxifene, droloxifene, arzox-
ifene, and lasofoxifene,9,10 but the best studied in
osteoporosis has been raloxifene. Emphasizing the
chemical diversity of SERM compounds, raloxifene
has a benzothiophene nucleus, which differs substan-
tially from the triphenylethylene structure of tamox-
ifen. The effects of raloxifene on markers of bone
turnover have generally been modest (e.g., 30-40%
reduction) compared with bisphosphonate therapy
(typically 50-70%) (Figure 15-1).11,12 Similarly, the
response in BMD has shown modest increases when
compared with bisphosphonates,11,12 averaging
between 2% and 3% at different skeletal sites over 3
years.13 However, there are arguments about the impor-
tance of the size of the increase in BMD or suppression
of bone turnover in regard to fracture risk reduction,14-16

and although these surrogate markers provide some
insight into mechanisms of action, the effect on fracture
risk reduction is most clinically relevant.

The Multiple Outcomes of Raloxifene Evaluation
(MORE) study, a large phase III trial of 7705 post-
menopausal women, studied the effect of raloxifene on
fracture risk. In this pivotal study, raloxifene in doses
of 60 to 120 mg per day was compared with placebo.
Raloxifene significantly decreased the incidence of ver-
tebral fractures by almost 50% in patients without pre-
vious fractures and by 34% in women with previous
(prevalent) vertebral fractures.17,18 The effect on verte-
bral fractures is comparable with that seen with the
bisphosphonates.19 However, there was no significant
decrease in the incidence of nonvertebral fractures or
hip fractures. The interpretation of the latter finding is
uncertain. It may relate to raloxifene’s lesser effects on
BMD and remodeling, but may also be related to study
design and the population studied. For example, the
subjects in the MORE study were on average 3 years
younger than those in the alendronate Fracture Inter-
vention Trial (FIT) study and had a vertebral fracture
rate in the placebo group about one-third lower than
the FIT study.20 In the MORE study after 3 years, 9.3%
of placebo-treated patients sustained nonvertebral
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SUMMARY

Selective estrogen receptor modulators (SERMS) are
a chemically diverse set of compounds that exert
selective antagonist or agonist effects in different
estrogen target tissues, such as bone, the breast,
and the cardiovascular system. The SERM raloxifene
can reduce the risk of vertebral fracture, but there
remains some uncertainty about its effect on non-
vertebral fracture. It is therefore recommended that
raloxifene be mainly used in postmenopausal
women with milder osteoporosis to prevent bone
loss or for treatment in those with predominantly
spinal osteoporosis.
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fractures, with 0.7% sustaining hip fractures. In con-
trast, in the vertebral fracture arm of the FIT study, the
fracture rates were higher, with 14.7% of placebo-
treated patients sustaining a nonvertebral fracture and
2.2% a hip fracture.

Recent exploratory analyses in patients with severe-
grade vertebral fractures have shown an effect of ralox-
ifene to reduce nonvertebral fracture risk (Figure 15-2),21

but the interpretation of such post hoc analyses remains
unclear.

The MORE study also demonstrated a marked reduc-
tion in the risk of breast cancer (62% reduction over
4 years). In the Continuing Outcomes Relevant to Evista
(CORE) study, an extension of the MORE study for an
additional 4 years in 4011 women to assess the long-
term effects of raloxifene on breast cancer, nonvertebral
fracture was a secondary endpoint.22 Again, no signifi-
cant difference in overall nonvertebral fracture rates was
observed between placebo (22.9%) and raloxifene
(22.8%) after 8 years, although in post hoc analyses, a
decreased risk of nonvertebral fracture was apparent in

subjects with baseline prevalent vertebral fractures (inci-
dent rate ratio, 0.78; 95% CI, 0.63-0.96). It is notewor-
thy that women who enrolled in the CORE study had
less severe osteoporosis than those who did not and that
use of other bone-active medications was allowed.

Some authors have suggested that one explanation for
this apparent lack of effect on nonvertebral fracture inci-
dence is that the more modest antiresorptive effects of
raloxifene on cancellous bone are able to “normalize”
high bone turnover and prevent further microarchitec-
tural disruption and thus reduce vertebral fracture risk,
but to reduce fracture risk at sites of cortical bone such
as the hip requires more potent antiresorptive effects.23

SELECTIVE ESTROGEN RECEPTOR
MODULATORS IN CLINICAL PRACTICE
FOR OSTEOPOROSIS

The findings of the Women’s Health Initiative that
combination hormone therapy can prevent fractures
in unselected postmenopausal women but is associated

Figure 15-1. Comparison of urinary 
N-telopeptide of type 1 collagen (Ntx) (a) and
bone-specific alkaline phosphatase (BSAP) 
(b) after 12 months of treatment with
alendronate 70 mg weekly (square) or
raloxifene (triangle). Dotted lines represent
the premenopausal normal range. 
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with adverse breast and cardiovascular events24 pro-
vides a strong rationale for an agent that can prevent
postmenopausal bone loss while providing benefits in
other estrogen-associated target tissues.

An important issue in deciding who will benefit
from SERMs in the treatment of osteoporosis is how to
compare their efficacy with the bisphosphonates. As
noted earlier, there has been increasing recognition
that surrogate endpoints of BMD and bone turnover
explain only a part of the antifracture efficacy of the
antiresorptive agents. Sarkar25 has reported that the
change in BMD with raloxifene treatment accounted
for only 4% of the observed reduction in vertebral
fracture risk.

Because clinical trials have demonstrated that ralox-
ifene can reduce the risk of vertebral fracture but have
not yet definitely demonstrated an effect on nonverte-
bral fracture, it is recommended that raloxifene be
used mainly in postmenopausal women with milder
osteoporosis as a preventive measure or for treatment
in those with predominantly spinal osteoporosis. It
should not be used in women with menopausal hot
flashes, because it can exacerbate them and even initi-
ate them in some asymptomatic women.

Data about the optimal duration of therapy with
raloxifene are limited. Recently, 7-year data in a subset
of 386 women from the CORE study who did not take

other bone-active drugs became available.22 At the
lumbar spine, raloxifene increased BMD by 4.3% com-
pared with baseline, which was 2.2% greater than seen
with the calcium plus vitamin D “placebo” group.
At the femoral neck, the increase with raloxifene over
7 years was 1.9%, which was 3.0% greater than in the
control group.

Similarly, there are only limited data about the
effects of withdrawal of raloxifene on BMD and bone
turnover. One small study reported the effect of dis-
continuation of raloxifene versus estrogen therapy on
BMD in 38 women after 5 years’ prior treatment with
either agent.26 In 10 subjects who had received ralox-
ifene 60 mg daily for 5 years, 1 year after discontinua-
tion lumbar spine BMD had decreased by 2.4% and
femoral neck BMD by 3.0%. Also, in the CORE study
in the interval in which no study drug was taken,
between the 4th and 5th years, the raloxifene group
had significant bone loss at both the lumbar spine and
the femoral neck.22 Similarly, a study of 234 women
treated with levormeloxifene for 12 months found that
BMD approached baseline levels after 12 months with-
out treatment.27

Another study examined the effect of raloxifene
60 mg daily on bone markers in 19 elderly women
aged 76 to 99 years living in residential care.28 Serum
C-telopeptide of type I collagen decreased by 31%
after 12 weeks of raloxifene, but levels returned to
normal by 6 weeks after raloxifene was discontinued.
Similarly, urinary cross-linked N-telopeptide of type
I collagen decreased by 35% with raloxifene, but a
more persistent suppressive effect on these levels was
seen 6 weeks after cessation. Other data suggesting
that bone turnover returns rather rapidly to normal
after cessation of raloxifene come from a study of
59 postmenopausal women administered teri-
paratide for 18 months. Prior treatment with alen-
dronate resulted in baseline bone turnover markers
that were about one-half the level of markers in sub-
jects who received prior treatment with raloxifene.29

Moreover, the bone density response to teriparatide
in subjects who received prior raloxifene was no dif-
ferent to the response in treatment-naive patients,
whereas those who had received prior treatment
with alendronate had an attenuated BMD response.
This suggests that if anabolic agents are contem-
plated, there may be advantages to using a SERM,
because they may have quicker off-set effects after
withdrawal.

To summarize, because of these more modest effects
on BMD and bone turnover that reverse soon after ces-
sation, a conservative approach is to recommend that
raloxifene be used as long-term therapy (at least 5 to 10
years) with subsequent decisions based on the bone
density level achieved or bone turnover response.
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NONVERTEBRAL FRACTURE
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Figure 15-2. Incidence of at least one new nonvertebral
fracture at 3 years in women with severe prevalent fractures
treated with placebo, raloxifene 60 mg daily, or raloxifene 120
mg daily. (Adapted from Delmas PD, Genant HK, Crans GG,
et al: Severity of prevalent vertebral fractures and the risk of
subsequent vertebral and nonvertebral fractures: results from
the MORE trial. Bone 2003;33:522-32.)
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CONCLUSION

Selective estrogen receptor modulators should mainly
be used in postmenopausal women with milder osteo-
porosis or in those with predominantly spinal osteo-
porosis. The quick offset of SERMs such as raloxifene

may offer advantages to more potent antiresorptive
agents if use of an anabolic agent is considered in an
individual patient. Other SERMs are in phase III clin-
ical trials and the findings concerning their effects on
nonvertebral fractures will be of interest.
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Osteoporosis is a recognized cause of morbidity and
mortality in postmenopausal women. In contrast,
osteoporosis in men has only recently received more
attention, with studies performed to elucidate the
pathogenesis of age-related bone loss in men. It is esti-
mated that about one-third of all osteoporotic frac-
tures occur in men,1,2 and that the residual lifetime
fracture risk in a man aged 60 years may be as high as
30%.3 These fractures result in significant risks for
morbidity and mortality as well as significant health
care costs to the community,4,5 particularly because the
mortality and morbidity rates associated with bone
fractures in older men exceed those of women.

Accrual of bone mass and age-related bone loss in
aging healthy men is multifactorial, with hormonal,
environmental, and genetic factors all being impor-
tant. At puberty, dramatic increases in bone mineral
content and bone mass occur, which are associated
with  sharp increases in blood testosterone, estradiol,
and other hormones as well as activation of the ner-
vous system. After peak bone mass has been achieved,
bone mineral density (BMD) decreases gradually, but
to a much lesser extent than in women. This age-
related bone loss in men is accompanied by a slow
decrease in blood androgen levels. However, whether a
casual relationship exists between the age-associated
decreases in androgen levels and bone mass remains
unclear. Nevertheless, organic male hypogonadism in

younger men with hypothalamic-pituitary or testicular
disorders does result in bone loss, and androgen
replacement in these men increases bone density.

This chapter summarizes the effects of gonadal
steroids on bone turnover and bone mass in men.
After a brief introduction on the general aspects of
androgen action, observational and interventional
data concerning the skeletal effects of gonadal hor-
mones in male hypogonadism and aging men are dis-
cussed. In this context, special emphasis is placed on
the differential roles of testosterone and estradiol in
male skeletal health. Finally, therapeutic effects of
testosterone administration in various clinical settings
are highlighted.

GENERAL ASPECTS OF SEX HORMONE
ACTION

Androgen Metabolism
Androgens are synthesized from cholesterol through
several enzymatic pathways in which the side chain of
cholesterol is shortened through oxidation from 27
carbons to 19 carbons.6 In men, androgens are secreted
almost exclusively from the testes as testosterone. The
adrenal glands also secrete dehydroepiandrosterone,
which is a minor androgen that also serves as a sub-
strate for peripheral aromatization to estradiol.

Testosterone is either converted by 5α-reductase to
dihydrotestosterone, or metabolized to estradiol by aro-
matase, a widely distributed microsomal cytochrome
P450 enzyme. The former pathway amplifies androgen
action locally whereas the latter pathway diversifies
androgen action.6 Hence, enzymatic androgen activa-
tion leads to testosterone acting directly or via its more
potent metabolite dihydrotestosterone through the
androgen receptor (AR) or indirectly via aromatization
to estradiol through the estrogen receptors (ERs). The
adrenal cortex secretes large amounts of 19-carbon
androgens, including dehydroepiandrosterone, dehy-
droepiandrosterone-sulfate, and androstenedione.
These androgens can be metabolized either directly or
indirectly to estrone by aromatase or to testosterone by

Sex Steroids and Skeletal Health 
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SUMMARY

Observational studies of bone development and
interventional studies indicate that circulating
estradiol is an important factor affecting bone
turnover in elderly men. Just how important
estradiol is relative to serum testosterone in the
maintenance of bone mass in older men remains
contentious. Nevertheless, aromatization of
testosterone to estradiol plays a significant role in
the regulation of bone metabolism and,
ultimately, influences age-related bone loss in
elderly men. 



SEX
 STERO

ID
S A

N
D

 SK
ELETA

L H
EA

LTH
 IN

 M
EN

146

steroid sulfatase, 17β-hydroxysteroid dehydrogenase
(17β-HSD) and/or 3β-HSD.7

Thus, testosterone, and to a lesser extent dehy-
droepiandrosterone, function as a precursor for
peripheral conversion into biologically highly active
hormones. In this respect, it is noteworthy that estra-
diol, which is believed to play a major role in bone
metabolism in men, is largely synthesized by extrates-
ticular aromatization of circulating testosterone with
only a small proportion of estradiol (approximately
15-20%) being directly secreted by the testes, although
the latter proportion increases with circulating blood
luteinizing hormone levels.8 Nevertheless, only a very
small fraction (approximately 0.1%) of testosterone
undergoes aromatization, whereas a larger proportion
(5-10%) is 5α reduced to dihydrotestosterone and the
remainder is inactivated by the liver. Depending on
the relative activities of aromatase, 5α-reductase, and
dehydrogenases and the relative distribution of AR and
ERs in peripheral target tissues, testosterone and its
metabolites predominantly activate either the AR or the
ER. In bone tissue, the expression of aromatase,9-15

5α-reductase,16-19 17β-HSD,10-12, 16, 20 and 3β-HSD10, 21

has been documented, supporting the concept of tissue-
specific peripheral activation of gonadal hormones.

The AR has been identified in most bone cells, includ-
ing osteoblasts,22 osteocytes,23 and osteoclasts.24, 25 As a
result of androgens binding to the AR, the activated li-
gand-receptor complex acts as a nuclear transcription
factor that binds to the androgen response elements
located in the promoter region of androgen-responsive
genes to regulate their transcription.26 Estrogen action
on bone, in men and women, is mediated via ERs. These
nuclear hormone receptors are also expressed in
osteoblasts, osteoclasts, and osteocytes.27, 28 Two ERs
have been identified, ERα and ERβ, which are distinct
proteins encoded by separate genes.29, 30 ERα is pre-
dominantly expressed in cells resident to cortical bone,
whereas ERβ shows higher levels of expression in cells
found in cancellous (trabecular) bone.28 Once activated
by their specific ligands, the ERs regulate gene expres-
sion by binding to specific response element sequences
in the promoter regions of estrogen target genes.
Alternate nongenomic pathways have also been
described in which ARs and ERs modulate transcription
indirectly, via protein-protein interactions.

Age-Related Changes in Gonadal
Hormones
Male aging is associated with a gradual, progressive
decrease in circulating testosterone.31,32 Longitudinal
population-based studies show that serum total testos-
terone concentrations decline by approximately 1% per
year in men, but the importance of such a decline
remains unclear. A variety of derived testosterone meas-

ures (“free,” “bioavailable”), which putatively reflect
various binding and tissue availabilities of testosterone
to carrier proteins, have been postulated to reflect
androgen action more closely, but the underlying free
hormone hypothesis lacks adequate empirical verifica-
tion.33 For example, although “free” testosterone (that
is, the fraction of total testosterone that is unbound, par-
ticularly to albumin or sex hormone–binding globulin
[SHBG]) is reported to fall more rapidly due to a con-
comitant twofold rise in SHBG binding capacity,34-36 it is
unclear whether this represents more or less net andro-
gen action at a tissue level, because the “free” hormone
is more accessible both to sites of hormone action and to
degradation.37 Furthermore, it seems implausible that a
single static testosterone measure would adequately
reflect androgenic action in all androgen-responsive tis-
sues, including bone, especially given the additional
complexity of the local androgen amplification systems
involved. Diverse organ-specific factors would seem to
be crucial in modulating the net biological action of
testosterone within each tissue. Furthermore, declining
total, free, or SHBG-bound testosterone levels, although
firmly established, are modest in magnitude and may
not warrant replacement. Whether the older tissues
remain as androgen responsive and whether testos-
terone replacement is effective or safe remains to be
established by appropriate interventional studies.32,38

Although an age-related fall in blood estrone has
been observed in men,36 similar reductions in estradiol
have not been well documented. This may be due to
increased aromatase activity with age, which in turn is
attributed to the age-associated increase in fat mass.39

Non–SHBG-bound estradiol levels decrease with age
(by about 50% over 6 decades) as a consequence of
increasing SHBG concentrations.40 However, the bio-
logical validity of this derived estradiol measure
remains to be established, because binding to SHBG is
competitive with testosterone, which is present in 100-
fold higher molar concentrations. Furthermore, nonex-
traction automated immunoassays are unreliable for
the very low serum estradiol concentrations present in
men, children, and postmenopausal women. For these
reasons, the biological significance of free and SHBG-
bound estradiol for bone is even less well-defined than
for comparable derived testosterone measurements.
Although the available evidence indicates that estradiol
has significance for the male skeleton, the circulating
blood estradiol concentrations in men are comparable
with those of estrogen-deficient postmenopausal
women, raising the paradoxical issue of why male bone
does not acquire the osteoporotic state of the bone of
postmenopausal women. In fact, male bone actually
becomes and remains larger, with higher periosteal and
endosteal diameters than women, which makes it even
stronger than premenopausal female bone. This may be



explained, at least in part, by AR-mediated effects and
the greater importance of local bone aromatase expres-
sion in male bone, so that estrogen action is more
dependent on local production than on systemic expo-
sure. However, other factors, some of which relate to
larger body and muscle mass, are also likely to be
important.

SKELETAL HEALTH WITH VARYING DEGREES
OF ANDROGEN DEFICIENCY

Bone mass is the net result of two counteracting meta-
bolic processes, bone formation and bone resorption.
This continuous turnover of bone, also referred to as
bone remodeling, relies on the activity of two major
types of cells, namely bone-forming osteoblasts and
bone-resorbing osteoclasts.41 Under normal condi-
tions, bone formation and bone resorption are cou-
pled. To appreciate the effect of gonadal hormones on
bone turnover and BMD in men, we now summarize
the data from both men with androgen deficiency
(male hypogonadism) and healthy men with age-
related decreases in androgen levels.

Consequences of Male Hypogonadism 
and Androgen Resistance in Men
Hypogonadism is present in 15% to 36% of men with
documented osteoporosis,5,42 although this may be an
overestimate given the nonspecific effects of acute
or chronic illness, particularly fractures, on blood
testosterone concentrations. Nevertheless, it is clear
that normal gonadal function is crucial for the devel-
opment and maintenance of male bone integrity.
Androgen deprivation therapy (surgical or chemical
castration), which is often required in adult men with
advanced prostate cancer, for example, results in a
profound decline in circulating gonadal hormones.
Similar to changes observed in women with surgical
ovariectomy or during early menopause, the rapid
decline in sex steroids after castration is followed by
accelerated and unbalanced bone turnover, which
results in net bone resorption. Bone turnover, as
assessed by biochemical markers of bone resorption
and formation is increased43-49 and results in rapid
and sustained bone loss in hypogonadal men. Bone
mineral density is predominately reduced at the lum-
bar spine, which decreases by about 5% to 10%
within the first year of androgen deprivation ther-
apy.43-48, 50 Bone loss is also observed at peripheral
skeletal sites, including the hip, although to a lesser
extent.45-47, 51-53 Ultimately, bone loss after castration
results in an increased risk of osteoporotic frac-
tures.52, 54-59 As reported by Daniell and associates,52

the cumulative incidence of a first osteoporotic frac-

ture is increased more than fivefold in castrated
patients.

Men with overt hypogonadism due to testicular or
hypothalamic-pituitary dysfunction present with less
dramatic changes in BMD and bone turnover, largely
due to less profound and more varying degrees of
androgen deficiency. Most men with hypogonadism
have significantly lower bone density than age-
matched control subjects.60-64 Luisetto and associates,65

however, observed that bone mass in 32 men with
Klinefelter syndrome was comparable with that of
healthy control subjects. This discrepancy is most
likely due to the moderate decreases in testicular func-
tion and circulating androgen levels present in their
specific patient population and reflects the wide phe-
notypic spectrum of Klinefelter syndrome.66 In con-
trast to these mostly uniform alterations in BMD,
changes in bone turnover, specifically in bone forma-
tion, are less clear. Although bone resorption is accel-
erated in hypogonadal men as compared with control
subjects,63, 67, 68 bone formation may be either
decreased63, 69, 70 or increased7, 67, 68 when assessed by
biochemical indices of bone formation or histomor-
phometric studies. Testosterone replacement therapy
in hypogonadal men, conversely, decreases bone
resorption68, 71-74 and exerts an anabolic effect with
increased bone formation,71, 72, 75 although some stud-
ies failed to show an increase in bone formation.68, 73, 74

These inconsistencies may be due to the inadequate
androgen replacement and heterogeneity of male
hypogonadism.76

Recent observations suggest that estradiol may play
an important role in the development of male bone.
First evidence in support of this concept has emerged
from a report of a 28-year-old man with estrogen
resistance caused by a homozygous and inactivating
mutation in the ERα gene. Despite normal serum
testosterone levels, and elevated circulating levels of
estradiol, this patient had accelerated bone turnover
with increased rates of bone formation and bone
resorption and a bone mass in the osteopenic range.77

Subsequently, clinical findings in adult men with aro-
matase deficiency caused by inactivating mutations in
the aromatase gene and undetectable estradiol con-
firmed these findings.78-80 Again, bone turnover and
BMD in these men were markedly altered in the pres-
ence of undetectable low circulating estradiol levels and
normal serum testosterone levels. Furthermore, treat-
ment with estradiol in men with aromatase deficiency
suppressed bone resorption80 and markedly increased
bone mass.79, 80 However, these cases reflect develop-
mentally disordered bone formed under conditions of
congenital estrogen deficiency, and it is not clear how
these findings relate to the maintenance of normal
mature bone developed under eugonadal conditions.
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Effects of Androgen Replacement in Male
Hypogonadism
Most studies of androgen administration in hypogo-
nadal men have reported beneficial effects on BMD,
although the gain in bone density is highly variable
across studies.72-74, 81-85 This may be related, at least in
part, to differences in the adequacy of testosterone
replacement regimens,76 variable degrees of underlying
testosterone deficiencies, and different methods used
to quantify bone density (dual x-ray absorptiometry,
quantitative computed tomography). In addition,
pharmacogenetic characteristics such as the length of
the CAG triplet repeat in exon 1 of the AR, which is
inversely related to androgen sensitivity, may also con-
tribute to the effectiveness of testosterone treatment
on bone (Figure 16-1).86

As reported by Behre and colleagues, the most sig-
nificant increase in BMD is seen during the first year of
testosterone treatment and is greatest in patients with
the lowest initial BMD. Thereafter, bone density is
maintained during long-term testosterone administra-
tion (Figure 16-2),82 so long as adequate testosterone
dosage is maintained.76

Data from prospective and retrospective studies on
the effect of androgen replacement on bone density in
hypogonadal men have recently been summarized.7

From these studies, it is evident that mostly cancellous
bone sites (e.g., spine) are more responsive than pre-
dominantly cortical sites (e.g., radius, hip), and that
measurements based on quantitative computed tomog-
raphy show much greater responses than studies using

Figure 16-1. Body height in relation to CAGn length of the
androgen-receptor genes of patients with Klinefelter
syndrome. (Inset) Height distribution according to tertiles of 
X-weighted biallelic CAGn length. Short (s): CAGn ≤ 20.0; n=27.
Medium (m): CAGn 20.0–23.0; n=27. Long (l): CAGn > 23.0;
n=23. Significant differences according to Kruskal-Wallis and
post hoc tests. Levels of statistical significance are given as
asterisks (*P < .05; **P < .01; ***P < .001). (Adapted with
permission from Zitzmann M, Depenbusch M, Gromoll J, et al:
X-chromosome inactivation patterns and androgen receptor
functionality influence phenotype and social characteristics as
well as pharmacogenetics of testosterone therapy in Klinefelter
patients. J Clin Endocrinol Metab 2004;89:6208-17.)

Figure 16-2. Increase in bone mineral density during long-term testosterone substitution therapy up to 16 years in 72
hypogonadal men. Circles indicate hypogonadal patients with first quantitative computed tomography measurement before
initiation of testosterone replacement therapy; squares show those patients already receiving testosterone therapy at the first
quantitative computed tomography scan. The dark shaded area indicates the range of high fracture risk, the unshaded area shows
the range without significant fracture risk, and the light shaded area indicates the intermediate range where fractures may occur.
(Adapted with permission from Behre HM, Kliesch S, Leifke E, et al: Long-term effect of testosterone therapy on bone mineral
density in hypogonadal men. J Clin Endocrinol Metab 1997;82:2386-90.)
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dual x-ray absortiometry or dual- or single-photon
absorptiometry. On the other hand, subcortical bone
apposition appears to be more important in men and
responsible for their larger and stronger bone struc-
ture.87 These differences may be in part due to andro-
gen-induced changes in body composition (i.e., fat
mass), which are not corrected for when quantitative
computed tomography measures are used to evaluate
BMD responses. Furthermore, the adequacy of testos-
terone administration is an important determinant of its
efficacy (Figure 16-3).76 Intramuscular testosterone

administration may result in supraphysiological circu-
lating testosterone levels and effects on bone may there-
fore be more prominent. In contrast, transdermal88,89 or
buccal90 testosterone administration increases serum
testosterone levels predominately within the physiologi-
cal range. However, no prospective studies comparing
the effects on skeletal health in accordance with the
mode of androgen administration are available. Also,
there are no large randomized controlled trials in osteo-
porotic men using testosterone replacement therapy
with fractures as a clinical endpoint.

The effect of androgen replacement on BMD is
largely accounted for by its effect on bone turnover. In
hypogonadal men, testosterone administration
decreases bone resorption68,71-74 and increases bone
formation.71,72,75 However, beneficial effects on body
composition, specifically on muscle mass, are most
likely contributing factors to the increase in BMD.
Based on several studies, an increase in lean body
mass68, 71, 74, 88 or muscle strength71, 75, 91, 92 after testos-
terone administration has been documented.

Consequences of Partial Androgen
Deficiency in Elderly Men
Based on observations in men with organic androgen
deficiency, sex hormones have been shown to be criti-
cal for bone remodeling and maintenance of bone
mass during adult life. It is therefore possible that low
levels of gonadal hormones would affect skeletal
integrity in the elderly male if the deficiency state is
sufficiently severe and the skeleton remains sufficiently
responsive to steroids. Recently, male reproductive
health, specifically androgen-deficiency in aging men,
has become an issue of growing interest not only to
physicians but also to the wider community. Putative
somatic consequences of gradually falling testosterone
concentrations, including changes in bone mass, have
become the rationale for wider use of testosterone
treatment of middle-aged and older men with appar-
ent age-related but no other form of overt androgen
deficiency. Such treatment has increased nearly 20-fold
worldwide over the last decade, with one-half of this
increase occurring in the United States,38,93 although it
has remained largely unchanged in Europe and
Australia.94,95 In this section, we summarize available
evidence on age-related changes in bone health,
including effects on bone turnover and BMD.

Several cross-sectional and longitudinal studies have
investigated the association between sex hormones, bio-
chemical markers of bone turnover, and bone mass in
elderly men.40,96-99 In a cross-sectional study including
men between 23 and 90 years of age, Khosla and col-
leagues40 reported inverse correlations between urinary
cross-linked N-telopeptide levels and both “bio-
available” estradiol and “bioavailable” testosterone.

Figure 16-3. Change in bone mineral density (BMD) (g/cm2) at
the lumbar spine (L1-L4) between the first and second visits,
depending on treatment at the time of the first BMD (P < .001).
(Adapted with permission from Aminorroaya A, Kelleher S,
Conway AJ, et al: Adequacy of androgen replacement
influences bone density response to testosterone in androgen-
deficient men. Eur J Endocrinol 2005;152:881-86.)
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However, no correlation with total estradiol or testos-
terone was detected. In contrast, Szulc and colleagues
found that in men older than 51 years of age, only
bioavailable estradiol levels were negatively correlated
with bone turnover, but no associations were observed
with total estradiol, or any testosterone measure.96 The
association between estradiol and bone resorption
markers has been confirmed in another study in which
significant correlations were found only with markers
of bone resorption (serum and urinary cross-linked 
N-telopeptide), but not with biochemical indices of
bone formation (osteocalcin [OC], bone specific alka-
line phosphatase [BAP]).98 The available data emphasize
that low levels of circulating estradiol are associated with
increased bone resorption, and that this increase is only
partly compensated for by a concomitant rise in bone
formation.

Elderly men, especially those older than 70 years of
age, are increasingly at risk of bone loss and osteoporotic
fractures. However, the extent to which low levels of
testosterone contribute to age-related bone loss in men
remains unclear.7 In analogy to markers of bone
turnover, several cross-sectional and longitudinal stud-
ies have documented significant correlations between
serum levels of “bioavailable” or total estradiol and
bone density100, 101 or change in bone mass during
follow-up.97-99 In contrast, however, studies have failed
to show consistent associations between “bioavailable”
testosterone and BMD or bone loss.40,102,103 The failure
of studies to show clear relationships with total estradiol
casts doubt on the interpretation of these studies. As
stated earlier, the relative biological importance of
derived estradiol measures such as “free” and “bioavail-
able” or SHBG-bound estradiol remains to be deter-
mined. It is also unclear whether the main mechanism
of estrogen action on bone is via local aromatization of
testosterone to estradiol within bone or to systemic
estradiol exposure. One possible explanation is that
there is a threshold for estrogen action, possibly based
on some critical level of blood or local estradiol.
Alternatively, these observations using derived variables
may be computational artifacts due to the strong age
dependence of SHBG. When such derived variables are
introduced into models, they unintentionally include
age, again creating a logical circularity.

All the above-mentioned studies focus on the associa-
tion between sex hormone levels and bone turnover
markers and BMD as surrogate markers of bone
integrity. However, data on the relationship between
testosterone and estradiol and the risk of osteoporotic
fractures are largely unknown. Only recently, Goderie-
Plomp and colleagues reported results from a popu-
lation-based, case-control study investigating the
association between endogenous sex hormones and inci-
dent vertebral fracture risk in both elderly women and

men. In this study, no clear associations were observed
between hormonal factors (testosterone, estradiol,
SHBG) and the risk for incident vertebral fractures in
men, which was probably due to low statistical power.104

It is emphasized that bone turnover and BMD only
partially contribute to the overall risk for incident frac-
tures in men. Whether, and to what extent, sex hor-
mone levels contribute to fracture risk in men and
whether this effect is independent of surrogate markers
such as BMD is largely unknown.

Effect of Hormone Replacement in Men
with Age-Related Androgen Deficiency
The effects of testosterone treatment on bone in elderly
men remain inconclusive and there is no evidence from
long-term randomized studies to indicate that androgen
treatment reduces bone fractures in men.32 So far, four
randomized placebo-controlled studies in healthy men
older than 50 years have examined the impact of andro-
genic supplementation on bone health, including bone
turnover markers105-108 and bone density.106-108 All stud-
ies treated otherwise healthy, nonosteoporotic men with
transdermal testosterone106,108 or intramuscular testos-
terone injections.105,107 Irrespective of baseline blood
testosterone concentrations (range, 10.1-13.5 nmol/L),
no study showed significant changes in bone turnover
markers after 3 to 36 months of treatment. Only in an
early small crossover study by Tenover105 did urinary
excretion of hydroxyproline (OHP) decrease in testos-
terone-treated men while the respective levels remained
unchanged in the placebo group. The relevance of this
singular finding using a nonspecific marker of collagen
turnover remains unclear.

Two placebo-controlled studies investigating the
effect on BMD have differed in outcome: the study by
Snyder and associates106 showed no benefit of treatment,
but the study by Kenny and associates108 showed that
testosterone is able to prevent ongoing age-related bone
loss in one of five bone sites. Post hoc analysis of the
larger study by Snyder and associates106 suggested that
bone density gains were inversely related to prestudy
baseline levels of blood testosterone, consistent with the
idea that the benefits depend on the degree of underly-
ing androgen deficiency (Figure 16-4). In a recent study
in which testosterone enanthate was administered at a
higher dose, significant increases were found in BMD at
the lumbar spine and the hip after 36 months of treat-
ment107; however, a reduction in dose for polycythemia
was required in 25% of the participating men.95

In summary, there appears to be no consistent effect of
exogenous testosterone treatment on bone turnover and
limited, dose-dependent effect on BMD in older men
with low-normal levels of circulating testosterone.
Results from placebo-controlled trials including elderly
men with consistently lower baseline testosterone levels



(<8 nmol/L) are needed to unravel the effects of testos-
terone replacement on bone surrogate markers, such as
BMD and bone turnover markers, and ultimately frac-
ture risk, morbidity, and mortality. In the interim, there
is no basis for empirical testosterone treatment for men
with idiopathic or age-related osteoporosis unless there is
concomitant evidence of overt androgen deficiency.

Differential Effects of Testosterone and
Estradiol on Bone Metabolism
To understand the physiological roles of sex hormones
on skeletal health in men, measurements of biochemical
markers of bone turnover have been used as surrogates
in many different clinical and research settings. Short-
term randomized pharmacological studies have dissected
the relative contributions of androgenic and estrogenic
actions in the maintenance of bone turnover.109-112 These
studies suggest that bone resorption is largely regulated
by local estradiol action, although how much of this
effect is due to systemic versus local aromatization of
blood testosterone remains unclear. Falahati-Nini and
coworkers assessed the relative effects of testosterone and
estradiol by either partial (testosterone alone, or estradiol
alone) or complete (testosterone and estradiol) sex hor-
mone replacement in 59 elderly men, who prior to the
study were rendered acutely androgen- and estrogen-

deficient by combined treatment with a gonadotropin-
releasing hormone agonist and an aromatase
inhibitor.109 Bone resorption markers increased signifi-
cantly in men after acute hormone withdrawal but
remained unchanged in subjects with combined testos-
terone and estradiol replacement therapy. Interestingly,
estradiol alone almost completely prevented the increase
in bone resorption markers, whereas testosterone alone
was much less effective in this respect, although the
transdermal patch dosage was probably suboptimal. The
authors estimated that, in elderly men, local estradiol
accounted for approximately 70% of the total effect
of sex hormones on bone resorption, although some of
this effect would be mediated by local conversion of sys-
temic testosterone into estradiol101 (Figure 16-5) and the
effect of more adequate testosterone delivery was not
determined. The study design does not distinguish
between bone effects of estradiol mediated by systemic
delivery or local aromatization of testosterone. In
another study with pharmacological hormone with-
drawal, testosterone replacement alone was partially able
to prevent the increase in bone resorption markers (U-
DPD, but not S- and U-NTX), whereas in men with
combined sex hormone replacement, bone resorption
remained unaltered.112 Although bone resorption seems
to be under the predominant control of estradiol in men,
an estradiol-independent effect of androgens on bone
resorption seems conceivable because androgen recep-
tors were found on human osteoclasts,25 and in vitro and
animal data suggest crucial roles for both estrogens and
androgens in male bone metabolism. Owing to limited
tolerance for chronic androgen deficiency, both of these
studies were short-term, so the effect of longer term hor-
monal regulation of bone turnover and density remains
unclear. Another study showed in chronically glucocor-
ticoid-treated men that even in the presence of adequate
androgen exposure, aromatization appears to increase
BMD (Figure 16-6).113 However, 7-alpha-methyl-19-
nortestosterone, a novel compound that is minimally
reduced by 5α-reductase but is aromatizable to a highly
estrogenic compound, did not maintain bone density,114

although study subjects probably had subtherapeutic
T treatment before study entry and these were men with
established androgen deficiency. This emphasizes the
importance of adequate androgen exposure.

Androgen receptors are found on osteoblasts,22

suggesting that testosterone per se may have important
effects on bone formation. In keeping with this concept,
Falahati-Nini and colleagues observed that markers of
bone formation (OC, amino terminal propeptide of type
1 collagen [PINP]) decreased significantly in men
during acute sex hormone withdrawal. In contrast, these
markers remained unchanged in men receiving testos-
terone and estradiol replacement therapy.109 Of note, the
decrease in serum OC was prevented equally well by
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Figure 16-4. The testosterone treatment effect on percentage
change in bone mineral density (BMD) during 36 months of
testosterone treatment in men older than 65 years of age as a
function of the pretreatment serum testosterone concentration.
The lower the pretreatment serum testosterone concentration,
the greater the effect of testosterone treatment on BMD. The
treatment effect was statistically significant (P < .01) for
pretreatment serum T concentrations of 10 to 300 ng/dL. The
values shown are the mean (±SE) changes in BMD during the 36
months of treatment in the testosterone-treated subjects minus
those in the placebo-treated subjects. (Adapted with permission
from Snyder PJ, Peachey H, Hannoush P, et al: Effect of
testosterone treatment on bone mineral density in men over 65
years of age. J Clin Endocrinol Metab 1999;84:1966-72.)
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Figure 16-5. Percentage changes in bone resorption
markers (urinary DPD and NTX; A P < 0.05, B P < 0.005, and
C P < 0.001 for change from baseline) and bone formation
markers (serum osteocalcin and PINP; A P < 0.005 and 
B P < 0.001 for change from baseline) in a group of
elderly men (mean age, 68 years) made acutely
hypogonadal and treated with an aromatase inhibitor
(group A), estradiol (E) alone (group B), testosterone (T)
alone (group C), or both estradiol and testosterone
(group D). (Adapted with permission from Falahati-Nini
A, Riggs BL, Atkinson EJ, et al: Relative contributions of
testosterone and estrogen in regulating bone resorption
and formation in normal elderly men. J Clin Invest
2000;106:1553-60.)

either testosterone or estradiol, whereas serum PINP
levels were affected primarily by estradiol but not by
testosterone. In contrast, no such effect on bone forma-
tion was observed in a study of sex steroid withdrawal for
a period of 12 weeks, which might be due to the longer

study duration with an overall increase in bone turnover
that had occurred by the time the measurements were
made.112 In addition, the potential effect of estradiol on
osteoblastic differentiation was not only observed during
selective estradiol replacement in hypogonadal men, but
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also as a result of supraphysiological estradiol treatment
(human chorionic gonadotropin treatment) in elderly
men with otherwise adequate androgen exposure.111

Recombinant human chorionic gonadotropin treat-
ment, but not nonaromatizable dihydrotestosterone
alone, has been shown to stimulate osteoblastic collagen
formation proportionally to increased estradiol concen-
trations (Figure 16-7).111 Because S-PINP is generated
from newly synthesized collagen, it is considered a meas-
ure of newly formed type I collagen and therefore a
marker of bone formation (early osteoblastic func-
tion).115 These data would therefore suggest that it is
principally estradiol that regulates osteoblastic differenti-

ation, and both testosterone and estradiol may be impor-
tant in modulating late osteoblastic function.

In summary, results from interventional studies sup-
port the findings from observational studies of bone
development that estradiol is important for bone
turnover in elderly men. These findings suggest that
aromatization of testosterone to estradiol plays a signifi-
cant role in the regulation of bone metabolism and, ulti-
mately, influences age-related bone loss in elderly men.116

Just how important it is relative to blood testosterone for
maintenance of bone in older men and whether the prin-
cipal effects are due to local aromatization in bone or
from circulating estradiol remain contentious points.

Figure 16-6. Bone mineral density (BMD) changes in the lumbar spine, femoral neck, and total body as well as changes in left knee
muscle strength and in lean and fat mass in men treated with testosterone (solid black), minimally aromatizable nandrolone (gray),
or placebo (unfilled, with dashed line). The dashed horizontal line through zero represents no change from baseline. Note both
androgens increased muscle mass and strength and reduced fat mass, whereas only testosterone has consistent effects on bone
density. Between-group difference is significant (P < .01). (Modified from Crawford BA, Liu PY, Kean MT, et al: Randomized placebo-
controlled trial of androgen effects on muscle and bone in men requiring long-term systemic glucocorticoid treatment. J Clin
Endocrinol Metab 2003;88:3167-76.)
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The postmenopausal woman with vertebral compres-
sion fractures due to osteoporosis presents challenges to
the clinician in terms of choosing therapy for her osteo-
porosis. She may have reduced quality of life due to the
pain of her vertebral compression fractures. She may be
taking multiple medications. She may be intolerant of
oral bisphosphonates. One option may be calcitonin,
which provides known efficacy in reducing further ver-
tebral fracture and a possible analgesic effect and is
known to be safe and well tolerated in older individuals.

Calcitonin is a 32-amino acid polypeptide hormone
of thyroid origin described by Copp in 19611 as a reg-
ulator of plasma calcium concentration or “tone.”
Calcitonin is produced by the parafollicular “C” cells
of the thyroid,1 which originate in the neural crest.

Although calcitonin secretion is stimulated by high
plasma calcium levels,1 calcitonin does not appear to
play a significant role in the regulation of calcium in
normal individuals. Calcitonin knockout mice develop
osteopenia by an as yet undefined mechanism. Although
calcitonin knockout mice are normal at birth, by 14
months these mice have a significant reduction in cor-
tical thickness and bone mass compared with normal

mice in the appendicular skeleton as well as a significant
reduction in trabecular bone in the axial skeleton.2

Calcitonin inhibits the activity of osteoclasts by
binding to osteoclast receptors. After exposure to cal-
citonin in vitro, osteoclasts in culture undergo flatten-
ing of the ruffled border and withdraw from sites of
bone resorption.3

Calcitonin is approved by the US Food and Drug
Administration (FDA) in the treatment of post-
menopausal osteoporosis in women who are more
than 5 years postmenopausal.4 Calcitonin is available
as both an injectable and nasal spray formulation.

INJECTABLE CALCITONIN IN
POSTMENOPAUSAL OSTEOPOROSIS

Effects on Bone Mineral Density
Injectable calcitonin was approved by the FDA in 1984
using radioactive calcium kinetics and neutron activa-
tion analysis data showing positive calcium balance with
treatment.5-8 Injectable calcitonin given daily or every
other day at 50 International Units (IU) subcutaneously
was found to increase lumbar spine bone mass in late
postmenopausal women (mean age, 65 years) in three
small randomized, controlled trials.9-12 The effects of
injectable calcitonin on hip bone mineral density
(BMD) are not known. The use of injectable calcitonin,
however, is limited by side effects of nausea with or
without vomiting, local reactions at the injection site,
and flushing of the face and hands13 as well as the incon-
venience of injection. Side effects are usually mild and
the severity of side effects is dose dependent.

Effects on Fracture
Data on the vertebral fracture efficacy of injectable cal-
citonin are limited to two studies. In a retrospective
cohort study, the Mediterranean Osteoporosis Study,
or MEDOS study, Kanis14 compared the rate of hip
fracture in patients taking 50 IU to 100 IU injectable
calcitonin with patients taking calcium alone. Patients
taking calcitonin had a reduction in rate of hip fracture
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SUMMARY

Calcitonin has a modest effect on bone density of
the spine and modestly reduces bone turnover in
women with osteoporosis. Calcitonin appears to
have a modest effect on vertebral fracture risk in
postmenopausal women with osteoporosis.
Calcitonin has not been demonstrated to reduce hip
fracture risk. Nasal calcitonin is safe and well
tolerated. Calcitonin may have analgesic benefit for
the patient with acutely painful vertebral fractures.
Treatment with calcitonin can be considered for late
postmenopausal women with osteoporosis with
painful vertebral fractures or for the late
postmenopausal woman with mainly spinal
osteoporosis, mainly of those unable to take
bisphosphonates due to gastrointestinal intolerance
or impaired renal function.
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(RR, 0.69) that was modestly but not significantly lower
than that of patients taking calcium alone (RR, 0.75).

Injectable calcitonin at 100 IU given 10 days/month
was shown by Rico12 to significantly reduce the risk of
vertebral fracture in a small randomized single center
study of 72 postmenopausal women (mean age, 69
years) with more than one vertebral fracture. The inci-
dence of vertebral fractures was 0.07 per patient year in
the group receiving injectable calcitonin and calcium
10 days each month and 0.45 per patient year in the
calcium only group (P < .001).

NASAL SPRAY SALMON CALCITONIN

Nasal spray calcitonin has been available since 1995 in
the United States and is the preferred delivery system.
The bioavailability of nasal spray calcitonin is about
25% or less of the administered dose as compared with
the intramuscular or subcutaneous preparation, which
is 70% bioavailable.15 An average dose of 200 IU nasal
spray calcitonin is thus equivalent to about 50 IU of
injectable calcitonin or less.

Efficacy of Nasal Calcitonin in
Postmenopausal Osteoporosis

Effect on Bone Mineral Density
There are numerous published randomized clinical trials
on the efficacy of nasal calcitonin on BMD,16-30 of which
many are in women older than 55 years.16,17,26,28,29,30

Limitations of the trials include small sample sizes and
single-center trials other than the PROOF trial and the
trial by Downs and colleagues.27

Overgaard16 in 1989 randomized 37 late post-
menopausal women with a mean age of 55 years and a
history of prior forearm fractures to either 200 IU
nasal spray calcitonin daily or placebo. All patients
received 500 mg calcium carbonate daily. Valid com-
pleters who received 200 IU nasal spray calcitonin had
a significant increase in lumbar spine BMD of 3.2%
compared with the placebo group, who had a decrease
of 0.4% (P = .04). There was a nonsignificant bone loss
at the total body and forearm.

In a second study in 1992, Overgaard17 studied 208
older females between the ages of 68 and 72 years with
low forearm bone density who were randomized to
placebo nasal spray or 50 IU, 100 IU, or 200 IU calcitonin
nasal spray daily for 2 years. All patients received 500 mg
of calcium carbonate daily. Similar to the first study, valid
completers (n = 41) who received 200 IU nasal spray cal-
citonin had a significant increase in lumbar spine BMD
of 3.0% (CI, 1.8−4.2) versus completers assigned to cal-
cium only who had a mean increase of 1% (CI, −0.1–1.5).

Ellerington18 in 1996 compared the efficacy over
2 years of daily and intermittent (3 days weekly) use of

200 IU nasal spray calcitonin in 72 women in early or
late postmenopause. No calcium supplementation was
given. Lumbar spine BMD did not increase signifi-
cantly using an intermittent dosing schedule.
However, a significant increase in lumbar spine BMD
after 2 years was found in late postmenopausal women
treated with nasal calcitonin daily.

Downs30 studied 299 women with a mean age of 64
years in a 1-year study of 200 IU nasal calcitonin versus
placebo. Compared with baseline, there were signifi-
cant changes at the lumbar spine (1.18%) but not at the
femoral neck (0.6%). There were no significant inter-
group differences between calcitonin and placebo at
lumbar spine and trochanter using dual x-ray absorp-
tiometry, although a significant difference was seen
between the calcitonin and placebo groups at the
femoral neck.

Kaskani19 studied the effects of intermittent adminis-
tration of 200 IU intranasal salmon calcitonin 1 month
on, 1 month off and continuous administration of 0.25 μg
of 1-alpha (OH) vitamin D3 with 500 mg of elemental
calcium continuously in a pilot study. Lumbar spine and
femoral neck BMD increased significantly compared with
baseline and in comparison with the calcium and vitamin
D group, with significant effects on bone turnover.

The PROOF study
The PROOF study (Prevent Recurrence of
Osteoporotic Fracture)28 was a large, 5-year, multicen-
ter, double-blind, randomized study, begun in 1991, of
the efficacy of nasal spray salmon calcitonin in patients
with one to five prior vertebral fractures and low ver-
tebral bone mass (T-score < −2.0). Of the original 1255
postmenopausal women, with a mean age of 68 years,
who were randomized by investigators in both the
United States and United Kingdom, 817 had one to
five prevalent vertebral fractures and had follow-up
thoracic and lumbar spine radiographs. Patients were
randomized to placebo nasal spray or one of three
doses of salmon calcitonin nasal spray daily: 100, 200,
or 400 IU. All patients received supplements of 1000
mg elemental calcium carbonate and 400 IU vitamin D
daily plus usual dietary calcium for a mean total cal-
cium intake of 1800 mg. Baseline variables were simi-
lar across each of the four arms. Although a higher
than expected discontinuation rate of 59% was seen in
the trial, the discontinuation rate was similar across
treatment groups and time. Sixty-two percent of the
patients were valid completers of 3 years of the trial.

Lumbar vertebral bone density increased 1.2% in the
200 IU group in the first year, which was significantly
different than control at 1 year. There was no further
increase in lumbar BMD after 1 year. There was a
mean reduction in serum C telopeptide (CTX) from
baseline of 25% at 12 months, which was sustained at



20% throughout the 5 years in both the 200 IU group
and the 400 IU group.28 The conditions of individuals
who remained in the trial did not differ significantly
from those who did not finish the trial.

Effect on fracture
There are two studies of the effect of nasal calcitonin
on fracture. Overgaard17 found that nasal calcitonin sig-
nificantly reduced the rate of vertebral fractures in 124
women with a mean age of 70 years over 2 years (P =
0.017) using pooled data (50, 100, and 200 IU) com-
pared with placebo.

In PROOF, using an intent-to-treat analysis of all ran-
domized patients with one to five prevalent vertebral
fractures at baseline who had follow-up thoracic and
lumbar spine radiographs resulted in a significant 36%
vertebral fracture reduction seen in the 200 IU group
with a 36% reduction in relative risk compared with
placebo of 0.64 (P = .03) with a 45% reduction in the
number of patients with multiple new vertebral frac-
tures.28 These reductions were seen only in the 200 IU
group and surprisingly not seen in the 400 IU group. If
all patients with follow-up radiographs were included in
the analysis (including patients with or without preva-
lent fracture) then there was a significant 33% reduction
(P = .03) in the risk of vertebral fracture. Significant ver-
tebral fracture reduction was seen with the 200 IU dose
by year 3 and was sustained through year 5.

The PROOF study was not powered to detect non-
vertebral fracture reduction.. The number of hip frac-
ture events was small, with only nine hip fracture
events in the placebo group. However, there was a
nonsignificant 46% reduction in hip/femur fractures
in the 200 IU group compared with the placebo group
(9/305 in the placebo group and 5/315 in the 200 IU
group) and a 28% nonsignificant reduction in
humerus/wrist fractures.28 A post hoc pooled analysis
of all doses showed a trend in the reduction of hip frac-
ture risk of 48% (P = .07).31

Reduction in vertebral fracture risk with calcitonin was
independent of baseline variables previously noted to
influence fracture risk and response to calcitonin such as
age, years since menopause, number of prevalent frac-
tures, baseline bone markers, and baseline spinal BMD.28

There are two major limitations of the PROOF Study.
The first is that the discontinuation rate of 59% for the
5 years of the study was higher than expected. The second
is that a dose response curve of nasal calcitonin with
regard to fracture reduction was not seen. Although there
was significant reduction in serum CTX and a significant
increase in lumbar spine BMD compared with the con-
trol group in years 1 and 2 in the 400 IU group, there was
no significant fracture reduction in the 400 IU group.28

However, a valid completer analysis at 3 years has shown
similar fracture reduction in the 400 IU group.

Kanis and McCloskey32 (1999) summarized the frac-
ture efficacy of calcitonin in 1309 women in 14 ran-
domized clinical trials. The relative risk of any fracture
for individuals taking calcitonin versus those not tak-
ing calcitonin was 0.43 (95% CI, 0.38–0.50). The effect
was apparent for both vertebral fractures (RR, 0.45;
95% CI, 0.39–0.53) and nonvertebral fractures (RR,
0.34; 95% CI, 0.17–0.68). When studies identifying the
number of patients with fracture were pooled, the
magnitude of effect was less (RR, 0.74; 95% CI,
0.60–0.93). The authors concluded that treatment with
calcitonin was associated with a significant decrease in
the number of vertebral and nonvertebral fractures.

Calcitonin fracture efficacy in older women
A post hoc stratification analysis of PROOF has been
done in elderly women by Silverman.31 In this post hoc
analysis, nasal spray calcitonin reduced the risk of new
vertebral fracture by 53% in women older than 70 years
in PROOF and by 62% in women older than 75 years in
PROOF. Nasal calcitonin was well tolerated in these
elderly women,31 with the only major side effect being
rhinitis. Data from the PROOF trial suggest therapeu-
tic benefit of nasal calcitonin compared with placebo
in postmenopausal osteoporotic older women (age
>70 years), with particular and perhaps preferential
benefit at the lumbar spine for women older than 70
years. Such findings may be of clinical importance in
considering the choice of a therapeutic agent for eld-
erly women with osteoporosis.

Effect on bone markers
Nasal spray calcitonin modestly reduces both urine and
serum markers of bone turnover within 4 to 8
weeks,33–35 with a mean reduction of 26–32%. After ces-
sation of treatment, all biochemical markers of bone
turnover return to baseline over a subsequent 12-week
period. It has been suggested that patients with a higher
bone turnover may have a greater response to injectable
calcitonin in terms of BMD.34 In PROOF, patients with
higher levels of bone turnover had the greatest response
to treatment in terms of bone marker reduction,
although all patients responded to nasal spray calci-
tonin in terms of fracture efficacy irrespective of tertiles
of baseline bone markers (urine N-telopeptide, serum
alkaline phosphatase, or osteocalcin).

Mechanism of effect on fracture reduction
The effect of nasal calcitonin on BMD and biochemi-
cal markers of bone turnover is modest, yet a signifi-
cant fracture reduction with 200 IU was observed in
PROOF. The degree of vertebral fracture reduction in
women with prevalent vertebral fracture was similar to
the effect achieved with raloxifene, a selective estrogen
receptor modulator whose vertebral fracture reduction
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has also been found to be associated with modest
increases in lumbar BMD. In a post hoc stratification
analysis, an even greater reduction in vertebral frac-
tures was seen, comparable with that of bisphospho-
nates. Recent analyses by Cummings36 and Sarkar37

have shown that BMD increases following treatment
may explain only 16% and 4% of the fracture reduc-
tion seen with alendronate and raloxifene, respectively.
Chesnut has hypothesized that nasal spray salmon cal-
citonin improves bone strength by factors other than
BMD. In the QUEST study (QUalitative Effects of
Salmon calcitonin), Chesnut38,39 examined the effects
of 200 IU nasal spray salmon calcitonin on bone qual-
ity in a 2-year, double-blind, randomized, controlled
study of 91 postmenopausal women as measured by a
new bone imaging modality, high-resolution magnetic
resonance imaging. The QUEST study showed that
2 years of calcitonin nasal spray resulted in no significant
increases in lumbar spine BMD but significantly pre-
served trabecular number at the distal radius at one of
four regions (region 3) (P = .03) using high-resolution
magnetic resonance imaging. This preservation
approached significance at regions 1 and 4 (P = .07 and
.051). Nasal spray calcitonin decreased hip T2* by
0.5% to 3.6% at all measured hip magnetic resonance
imaging sites compared with placebo, with significance
at the lower trochanter (P = .008). This decrease in hip
T2* is the equivalent of an increase in trabecular bone
density distribution, a composite of bone density and
microarchitecture.40

Use of Salmon Calcitonin Nasal Spray 
in Men with Idiopathic Osteoporosis
Up to 20% of symptomatic vertebral fractures and 30%
of hip fractures occur in men. Only alendronate has
been shown to be effective in male idiopathic osteo-
porosis. Trovas41 studied the efficacy of 200 IU nasal
salmon calcitonin in a 1-year randomized, double-
blind, placebo-controlled study of 28 men with idio-
pathic osteoporosis ranging in ages from 27 to 74 years
(mean, 52.4). All the men received a daily supplement
of 500 mg of calcium. There was a significant increase
from baseline in lumbar spine BMD of 7.1 ± 1.7% in
the group receiving calcitonin compared with an
increase of 2.4 ± 1.5% in the placebo group (P < .05).
There was a nonsignificant increase versus placebo in
the femoral neck. Therapy was well tolerated. Nasal
salmon calcitonin may be an alternative therapy in men
with idiopathic osteoporosis.

Use of Calcitonin in Glucocorticoid-
Induced Osteoporosis
Several studies using both injectable and nasal calcitonin
have suggested a potential role for salmon calcitonin in

the prevention and treatment of lumbar spine bone loss
in patients treated with glucocorticoids. However, no
data on reduction in fracture risk with calcitonin in glu-
cocorticoid-induced osteoporosis are available. Both
Ringe42 and Luengo43 found calcitonin to increase or
maintain lumbar spine BMD in patients treated with
glucocorticoids. Montemurro44 found calcitonin to pre-
vent lumbar spine bone loss in glucocorticoid-treated
patients. In a randomized, controlled trial comparing
calcitonin and calcitriol plus calcium, calcitriol plus
calcium, and placebo plus calcium over 2 years,
Sambrook45 found that calcitonin and calcitriol in the
second year of study prevented lumbar spine bone loss
in patients with glucocorticoid-induced osteoporosis
whereas calcitriol alone did not.

In summary, although a few small studies demon-
strate that nasal salmon calcitonin may maintain lum-
bar spine BMD in patients who have been treated with
glucocorticoids, it is unclear whether calcitonin can
prevent bone loss in new patients started on glucocor-
ticoids. More important, no data on fracture reduction
with calcitonin are available and no hip BMD data are
available. As fracture reduction data are available for
the two marketed bisphosphonates, risedronate and
alendronate, at this time, nasal spray calcitonin should
not be considered a first-line agent agent for treatment
of glucocorticoid-induced osteoporosis until fracture
reduction data are available.

ORAL CALCITONIN

Oral administration of salmon calcitonin may improve
adherence to long-term treatment. Several new oral
salmon calcitonins have been developed. Tanko46

reported the safety and efficacy of an oral formulation
using an amino caprylic acid delivery agent in a multi-
center trial. Treatment with oral salmon calcitonin
resulted in dose-dependent decreases in serum CTX of
60% to 82% from baseline compared with placebo,
reaching nadir at 2 to 3 hours after drug intake. The
oral formulation was well tolerated. Chin47 studied sin-
gle doses of a chemically modified salmon calcitonin
orally. The medication was well tolerated and resulted
in dose-dependent decreases in total and ionized
serum calcium.

ANALGESIC EFFECTS OF CALCITONIN

Calcitonin is unique among osteoporosis therapies in
that it may have analgesic efficacy as well as vertebral
fracture efficacy. The analgesic effects of salmon calci-
tonin were recently reviewed by Silverman.48 Salmon
calcitonin binding sites have been found in the human
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central nervous system using I125 labeled salmon calci-
tonin. Intramuscular or nasal salmon calcitonin has
been proven to be analgesic for both the acute pain of
vertebral fracture49-51 and the chronic pain after verte-
bral fracture48 The analgesic effect of salmon calcitonin
was noted at 1 week or less by the visual analog pain
scale and by a decrease in analgesic consumption by
day 3. Increased mobilization was noted by week 1.49

A dose of 50 IU of salmon calcitonin intramuscularly
is equivalent to 200 IU nasal spray with regard to anal-
gesic efficacy.52 Salmon calcitonin therefore may have
a potential role in reducing the pain of acute vertebral
fracture, reducing analgesic dependence, and possibly
secondarily decreasing immobilization.

The mechanism of bone pain relief due to calcitonin
is not known but appears to be a central effect.53 The
most likely effect is a direct action on central nervous
system receptors. The analgesic effect of calcitonin
appears to operate through both opioid and nonopioid
mechanisms.54

ADMINISTRATION AND SIDE EFFECTS OF
NASAL CALCITONIN IN OLDER WOMEN
WITH OSTEOPOROSIS

The recommended dose of calcitonin nasal spray is 200
IU daily administered intranasally in alternating nos-
trils. Nasal calcitonin can be taken at any time of day
and can be taken without regard to meals. Women
should take adequate calcium every day (1000-1500 mg
calcium) and 400 to 800 IU vitamin D. Clinical experi-
ence has shown the side effects with nasal calcitonin to
be minimal in older women.55 In the PROOF study, the
largest study with salmon calcitonin to date, there was a
significant increase in rhinitis and a significant decrease
in headache28 compared with placebo nasal spray.

RESISTANCE TO CALCITONIN

Calcitonin is a biological agent for osteoporosis, as
opposed to bisphosphonates, which as inorganic
agents bind directly to bone. Concerns have been
raised about the potential for clinical resistance to cal-
citonin due to the presence of antibodies or downreg-
ulation, based on early reports on calcitonin “escape”
with prolonged use in patients with hypercalcemia of
malignancy.56

Patients may develop antibodies to calcitonin
under treatment.57,58 Binding antibodies with titers of
greater than 1:1000 were observed in approximately
20% of patients in the PROOF study.28 The pres-
ence of these antibodies did not appear to affect frac-
ture efficacy as judged by biochemical markers of
bone turnover.

One part of the resistance may be downregulation of
calcitonin receptors. Downregulation has been
reported in mouse calvaria57 and human carcinoma
cell lines. Tissue culture experiments have shown
decreased calcitonin receptor mRNA expression for
12 hours after calcitonin treatment of osteoclast-like
giant cells.58 This decreased mRNA expression is
reversible, suggesting the need for studies of intermit-
tent use of the medication to avoid clinical resistance
and potentially lower costs.

The best way to identify patients who will not
respond or become resistant to therapy is not known.
Stepan59 has suggested the use of a loading dose of 400
IU nasal spray followed by serum CTX measurement 90
minutes later. In 24% of the patients, serum CTX sup-
pression did not exceed least significant change. In
patients treated over 4 years, this number increased to
34%. If those identified by serum CTX suppression less
than least significant are given 10 IU subcutaneous cal-
citonin, 63% fail to respond.

USE OF CALCITONIN IN COMBINATION
THERAPY IN OSTEOPOROSIS

There are few data on the combination of salmon cal-
citonin and other antiresorptives or anabolic agents for
osteoporosis. Meschia60 combined eel calcitonin and
hormonal replacement therapy with a significant 10%
gain in lumbar spine bone mass at 1 year. Hodsman61

found the bone density increased with sequential ther-
apy with calcitonin and parathyroid hormone was no
better than cyclic parathyroid hormone alone.

ROLE OF CALCITONIN IN THE THERAPY OF
POSTMENOPAUSAL OSTEOPOROSIS

Calcitonin is FDA approved for the treatment but not
the prevention of postmenopausal osteoporosis. Nasal
spray calcitonin is the most commonly used delivery
system. Calcitonin use is very safe. Its efficacy is con-
sidered less robust than either estrogen replacement
therapy or a bisphosphonate such as alendronate.
Calcitonin has been found to reduce the risk of verte-
bral fracture by 36% in patients with prevalent
vertebral fracture, similar to the effect of selective
estrogen receptor modulators such as raloxifene.
Calcitonin has not been found to significantly reduce
risk of hip fracture.

Nasal spray calcitonin should be considered one of
the options for the treatment of the late menopausal
patient with established osteoporosis who may not be
tolerant of alendronate or risedronate. Other options
include estrogen and raloxifene.
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Nasal spray calcitonin should be considered for
patients with established osteoporosis who have a his-
tory of estrogen-dependent neoplasia, thromboem-
bolic disease, or active gastrointestinal problems such
as gastritis, duodenitis, ulcer, or motility problems.
Nasal spray calcitonin should also be considered for
patients with renal impairment, multiple medications,
or a rigid lifestyle or in the institutionalized older
patient who is unable to stay upright for 30 minutes
after taking a bisphosphonate.

Nasal spray calcitonin should be considered as one
of the options for initial treatment of the symptomatic
patient with osteoporotic vertebral fracture because of
its potential analgesic effect.

Calcitonin is not recommended for the prevention
of osteoporosis in men or in women at the time of
menopause because of the absence of efficacy data. In
these patient groups, raloxifene and alendronate are
available as estrogen alternatives.

CONCLUSION

Calcitonin is FDA approved for the treatment of post-
menopausal osteoporosis but not for prevention. The
preferred delivery system is nasal. Nasal calcitonin is safe
and well tolerated. Calcitonin reduces vertebral fracture
risk at a rate similar to that of other antiresorptive
agents. Calcitonin has not been demonstrated to reduce
hip fracture risk. Calcitonin produces small increments
in bone mass of the spine and modestly reduces bone
turnover in women with osteoporosis. Calcitonin may
have a possible analgesic benefit for the woman with
acutely painful vertebral fractures. Treatment with calci-
tonin should be considered for late postmenopausal
women with osteoporosis with painful vertebral frac-
tures or for the late postmenopausal woman with verte-
bral greater than hip osteoporosis. Calcitonin should be
considered for the late postmenopausal woman who is
unable to take oral bisphosphonates because of gas-
trointestinal intolerance or impaired renal function.
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HISTORY

The bisphosphonates entered clinical practice in the
1970s with the introduction of etidronate as a therapy
for Paget disease of bone. It was not until the end of
that decade that their true potential was signaled by
two reports from Bijvoet’s group, published in The
Lancet.1 These papers described the much more potent
bisphosphonate pamidronate and demonstrated its
efficacy in treating hypercalcemia of malignancy and
Paget disease. Although this agent was used increas-
ingly for these indications during the 1980s, it was not
until the publication of the first positive randomized
controlled trial of a bisphosphonate in the manage-
ment of osteoporosis2 that this whole new indication
opened up for this class of drugs. The 1990s saw enor-
mous progress in this field. The bisphosphonates went
from being experimental agents at the beginning of the
decade to becoming the treatments of choice for osteo-
porosis, Paget disease, hypercalcemia of malignancy,
and other skeletal complications of malignancy by the

decade’s end. The domination of the pharmacological
management of osteoporosis by the bisphosphonates
has become even more marked since the publication of
the adverse safety findings with estrogen/progestin
therapy from the Women’s Health Initiative in 2002.3

STRUCTURE

Drugs in the bisphosphonate class consist of two phos-
phate groups linked through a central carbon atom
(Figure 18-1). The various members of the class are
distinguished from one another by the two side chains
that bind to the central carbon atom. Two classes of
bisphosphonates are distinguished on the basis of their
side chains: those that contain a nitrogen atom, and
those that do not. The nitrogen atom can be part of a
straight carbon chain (as in pamidronate, alendronate,
and ibandronate) or part of a ring structure (as in rise-
dronate and zoledronate). The nitrogen-containing
bisphosphonates appear to have a different intracellu-
lar target from the other drugs in this class and are gen-
erally more potent inhibitors of bone resorption.

MECHANISM OF ACTION

The phosphate groups have a strong negative charge,
giving them a very high affinity for the positively
charged bone surface. Therefore, bisphosphonates are
deposited across the surface of bone and remain there
for a considerable time, ranging from months to
years.4 They become incorporated into the bone crys-
tal as bone is remodeled and are ingested by osteoclasts
when these cells resorb bone.

Within the osteoclast, nitrogen-containing bisphos-
phonates inhibit the enzyme farnesyl diphosphate syn-
thase. This is a key enzyme in the mevalonate pathway,
which leads to the synthesis of cholesterol. Intermediate
metabolites of this pathway are necessary for the cou-
pling of key regulatory proteins to the cell membrane.
With this loss of protein prenylation, osteoclasts

Bisphosphonates in the Prevention 
and Treatment of Postmenopausal 
Osteoporosis
Ian R. Reid

18
TREATMENT OF THE DISEASE

SUMMARY

Bisphosphonates are first line therapy in the
management of osteoporosis with an increasing
diversity of agents and regimens. In some
countries, generic formulations may be available in
the near future, and this is likely to reduce drug
costs. Despite their impressive anti-fracture
efficacy, a number of issues are arising with regard
to bisphosphonates. They remain in the skeleton
for decades and their duration of physiological
effect is unclear but bone turnover markers can
remain suppressed for at least  five years after their
discontinuation. Morover the benefit of
bisphosphonates on fracture endpoints are proven
by randomized controlled trials only for the first 4
to 5 years and  it remains unclear what is optimal
duration of therapy.
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become unable to resorb bone and ultimately die
(apoptosis). In early osteoclast precursors, this results
in a blockade of the development of bone-resorbing
cells.5 In contrast, bisphosphonates lacking a nitrogen
atom in the side chain (e.g., etidronate, clodronate) are
metabolized to form analogues of adenosine triphos-
phate. These inhibit the adenosine diphosphate/adeno-
sine triphosphate translocase in the mitochondria and
again result in osteoclast apoptosis.6

Bisphosphonates may also act on osteoblasts, tran-
siently stimulating the proliferation and differentiation
of preosteoblast cells,7 reducing apoptosis in osteoblasts
and osteocytes,8 and increasing osteoblast production
of the antiresorptive protein osteoprotegerin.9

The reduction in bone turnover caused by bisphos-
phonates results in an increased lifetime of the bone
tissue, providing a longer time in which the secondary
mineralization of bone can proceed.10 This results in
an increase in mineral density, which may contribute
to the greater strength of bisphosphonate-treated
bone,11 as may the preservation of trabecular thickness
and trabecular connectivity.12,13 Meta-analyses of clin-
ical studies suggest that bisphosphonate-induced
changes in bone mineral density (BMD) alone do not
account for all the reduction in fracture risk,14 suggest-
ing that the associated preservation of architecture and
possibly other factors are also important.

PHARMACOLOGY

Bisphosphonates have an oral bioavailability of only
1% to 2% and are very poorly absorbed from the gas-
trointestinal tract. The low oral bioavailability of bis-
phosphonates is a critical issue in their use. They must
be taken in the fasting state with water alone if they are
to be absorbed at all. Fasting for 30 minutes after dos-

ing is adequate, but a 60-minute fast may increase the
effect on BMD by up to 60%.15 Amino-bisphospho-
nates, such as alendronate, can cause upper gastroin-
testinal irritation, so patients must not lie down for 30
to 60 minutes after oral dosing, to prevent reflux of the
tablet into the esophagus. These drugs should not be
used in individuals with anatomical or motility disor-
ders of the upper gastrointestinal tract. In others,
attention to the dosing regimen prevents difficulties in
most patients.16 Less potent, non-amino-bisphospho-
nates, such as etidronate, appear to have better upper
gastrointestinal tolerability but still need to be taken in
the fasting state to optimize bioavailability.

Of the absorbed dose, about one half is deposited on
the bone surface, and the balance is excreted
unchanged in the urine over the following days. When
osteoclasts resorb bone, they ingest the bisphospho-
nate and are effectively poisoned by it, resulting in a
reduction of bone resorption and a redressing of its
imbalance with bone formation. Bisphosphonate
remains on the bone surface for many years and is
gradually incorporated into the structure of bone,17 so
that it can potentially inhibit remodeling cycles that
occur years after the time of dosing. This long duration
of action opens the possibility of intermittent adminis-
tration, which is now the most common form of
administration. The terminal half-life of bisphospho-
nates in bone is more than 10 years.18 The P-C-P bond
is very stable, so the bisphosphonates are not metabo-
lized in vivo.

ETIDRONATE

The studies of Storm19 and Watts20 using cyclical
etidronate (400 mg/day for 2 weeks, repeated every 3
months) indicated that this regimen produced modest
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increases in BMD and possibly a halving of the number
of vertebral fractures. Meta-analysis confirms that
etidronate reduces the risk of vertebral fracture (relative
risk, 0.63), but there is no evidence for an effect on non-
vertebral fracture (relative risk, 0.99), although no ade-
quately powered study has yet been conducted.21

Etidronate appears to cause fewer gastrointestinal prob-
lems than the amino-bisphosphonates, and in some
countries is available at low cost. Etidronate use in
higher doses in patients with Paget disease was compli-
cated by the development of osteomalacia, indicating
that the window of safety is narrow. This, together with
the absence of evidence for efficacy against nonvertebral
fractures, has led to its being a minor player globally.

ALENDRONATE

The efficacy of alendronate has been assessed in stud-
ies of its use in both the prevention of postmenopausal
bone loss and the treatment of established osteoporo-
sis.22 Alendronate in doses of 5 to 10 mg/day reduces
bone resorption markers from postmenopausal levels
(about twice those in premenopausal women) to val-
ues in the lower one-half of the premenopausal range.23

These changes are maximal within a few months of ini-
tiating treatment and are nonprogressive after that
time. These declines in bone resorption are mirrored
by increases in bone mass. In the spine, BMD increases
by about 5% after 3 years on treatment with 5 mg/day,
and by about 9% with 10 mg/day.24 With continuation
of therapy, there is a gradual increase in BMD, reach-
ing 14% above baseline after 10 years of 10 mg/day,
and 10% above baseline after a similar period of 5
mg/day (Figure 18-2).25

In those studies powered to assess fracture rates, alen-
dronate use has been associated with substantial

decreases in fracture incidence. Thus, the phase III trial24

and both arms of the Fracture Intervention Trial26,27

showed approximately 50% decreases in vertebral frac-
tures, and the pooled estimate from all the alendronate
trials is a relative of risk of vertebral fracture of 0.52 (95%
CI, 0.43-0.65).22 Of the two studies carried out in
osteopenic populations, one showed a substantial down-
ward trend in vertebral fracture incidence, whereas the
other did not. The pooled relative risk of vertebral frac-
ture from these two studies is roughly the same as that in
the osteoporotic population, although it is nonsignifi-
cant because of the smaller number of fractures.22

There is also clear evidence that alendronate
decreases the risk of nonvertebral fractures in women
with osteoporosis, whether this is defined in terms of
prevalent fracture or in terms of BMD.28 This was first
clearly demonstrated by Black26 (Figure 18-3) and was
subsequently independently confirmed by Pols in a 1-
year study.29 The pooled relative risk for osteoporotic
women estimated by Cranney is 0.49 (95% CI, 0.36-
0.67). The 10-year follow-up of the phase III study sug-
gests that the rate of nonvertebral fractures remains
reduced in subjects who continue to take alendronate,
but the numbers of subjects were insufficient to be
certain of this.25

The Fracture Intervention Trial (FIT) has now been
extended. A total of 1099 women aged 60 to 86 years
who were assigned to active therapy in FIT and had an
average duration of alendronate use of 5 years were re-
randomized to receive alendronate (30% to 10 mg/day,
30% to 5 mg/day) or to placebo (40% of the cohort) for
an additional 5 years. BMD and turnover data for the
first 3 years of the extension have been published30 and
show that total hip BMD declined 2.4% in the placebo
group (reaching a level still >1% above the FIT base-
line), compared with a 0.4% decrease in the alendronate
groups (5 and 10 mg/day doses combined). In the spine,
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Figure 18-2. Effects of various daily
doses of alendronate on lumbar
spine bone mineral density, shown as
a change from baseline levels. The
group shown as diamonds received
alendronate 20 mg/day in years 1
and 2, then alendronate 5 mg/day for
3 years, followed by placebo for 5
years (shown as a broken line).
(Based on data in Bone et al.25
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BMD increased 1.0% in placebo subjects, compared
with 3.5% in those continuing on active therapy. BMD
changes were 0.5% to 1.0% more positive in those tak-
ing alendronate 10 mg/day compared with the 5 mg/day
group. Bone alkaline phosphatase increased about 15%
and urinary N-telopeptide excretion about 20% in those
re-randomized to receive placebo (both P < .001), but
the latter still remained 60% below their levels at the
beginning of the FIT study. Preliminary data for the 
5-year endpoint of this extension31 show BMD changes

similar to those at 3 years (hip BMD: placebo −3.4%,
alendronate −1.0%; spine BMD: placebo 1.5%, alen-
dronate 5.3%). Most importantly, fracture data are also
available, showing a relative risk of clinical spine fracture
of 0.45 but for a non-spine fracture of 1.0, when those
continuing on either dose of alendronate are compared
with those receiving placebo. This indicates that contin-
uation of alendronate for 10 years produces more bene-
ficial fracture outcomes than does its discontinuation
after only 5 years.

More recent studies have demonstrated that alen-
dronate administered daily, twice weekly, or once weekly
produces the same effects on bone turnover markers and
BMD, if the average dose per day is the same.22 However,
there are no fracture data with anything other than daily
regimens of administration.

Recently, evidence for efficacy has been extended to
other specific groups not studied previously. Greenspan
and associates32 studied osteoporotic women living in a
long-term care facility and showed that daily alendronate
produced changes in BMD comparable with those
demonstrated previously in women living independ-
ently. Bell and associates33 have shown that alendronate
produced changes in BMD in African-American women
comparable with those observed in the white women.
Kushida and associates34 have shown beneficial effects of
alendronate on BMD in a Japanese cohort, which were at
least as large as those seen in European and North
American studies. Furthermore, they demonstrated that
the incidence of vertebral fractures was reduced by 66%
in alendronate-treated patients in comparison with those
treated with alfacalcidol.

RISEDRONATE

A very similar body of evidence has been assembled for
risedronate. In general, the suppression of bone
resorption that it produces is slightly less than that for
alendronate.35 This is reflected in slightly smaller incre-
ments in BMD, typically about 5% at the lumbar spine
after 3 years of therapy, and less than 3% at the hip.
Despite this, risedronate reduces vertebral fractures35,36

with a pooled relative risk across all studies of 0.64
(95% CI, 0.54-0.77).37 Osteoporotic women without
prevalent fractures also have a reduced risk of vertebral
facture on risedronate.38 Risedronate also reduces non-
vertebral fractures, with Harris35 finding a decrease of
39% over 3 years and McClung39 finding a 30% reduc-
tion in hip fracture risk in a population of women over
the age of 70 years. When available data on nonverte-
bral fractures are examined through meta-analysis, rel-
ative risk after treatment with risedronate is 0.73 (95%
CI, 0.61-0.87).37 Pooling of data from the risedronate
studies indicates that reductions in both vertebral40
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Figure 18-3. Proportions of women in the FIT study26 with
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allocated to treatment with alendronate or placebo. The
significances of the between-groups differences are shown.
(Redrawn from Black DM, Cummings SR, Karpf DB, et al:
Randomised trial of effect of alendronate on risk of fracture in
women with existing vertebral fractures. Lancet
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and nonvertebral fractures41 are apparent within 6
months of  starting this drug.

A 2-year extension to one of the risedronate studies
has been reported, during which the double-blind
design and original randomization were maintained.42

The risk of new vertebral fractures was reduced by 59%
in years 4 and 5 (P = 0.01), compared with a 49%
reduction in the first 3 years. Continuation of rise-
dronate for a further 2 years is associated with mainte-
nance of low fracture rates.43 As with the long-term
alendronate data, suppression of markers is main-
tained with long-term treatment, and BMD changes
tend to increase, although at a slower rate than in the
early years of treatment.

Like alendronate, risedronate is now typically used
in a once-a-week dose of 35 mg, rather than the 5
mg/day on which the fracture data are based. As with
alendronate, equivalence of efficacy of this dose has
been demonstrated only for bone turnover and
BMD,44 although comparison across studies suggests
an equivalent fracture reduction.45

A key issue in the use of bisphosphonates for treat-
ing postmenopausal osteoporosis is determining the
appropriate treatment endpoint. The efficacy of these
agents has frequently been assessed using measure-
ments of BMD, but it is clear that relatively modest
increases in BMD are associated with substantial
decreases in fracture risk. Recently, Eastell and col-
leagues46 analyzed the relationship between fracture
incidence and bone resorption (measured as telopep-
tides) in the risedronate studies. Pooling placebo and
risedronate groups, they found an almost linear rela-
tionship between fracture incidence and resorption
markers down to a marker value of 1.5 SD below the
premenopausal mean (Figure 18-4). At this point, the
fracture incidence appears to plateau. The number of
individuals reaching this level of bone turnover was
relatively small, so this analysis will need to be repeated
with other agents to determine whether this truly does
represent an optimal turnover rate in patients with
postmenopausal osteoporosis.

Although most risedronate data are based on studies
in European populations, Shiraki and colleagues47 have
found that risedronate 2.5 mg/day and 5 mg/day pro-
duce comparable changes in BMD and markers in
Japanese patients, and they conclude that the smaller
dose is likely to be adequate for management of osteo-
porosis in Japan.

IBANDRONATE

Ibandronate is another potent nitrogen-containing
bisphosphonate that has been studied using a variety
of regimens. Ibandronate was first studied in patients

with osteoporosis as an intravenous injection48 and
showed beneficial effects on BMD. However, iban-
dronate 1 mg intravenously every 3 months did not
result in a reduction in fracture numbers,49 possibly
because this regimen does not stably suppress bone
resorption markers over the inter-dose interval50 and
does not increase BMD as much as the potent oral
bisphosphonates. Oral ibandronate, either continu-
ously (2.5 mg/day) or intermittently (20 mg every
other day for the first 24 days, followed by 9 weeks
without active drug) produces changes in BMD com-
parable with those found with oral alendronate or
risedronate,51 and a monthly dose of 150 mg appears
to be comparably effective.52, 53 Both daily and cyclic
regimens have now been shown to reduce vertebral
fractures by about one-half, and nonvertebral frac-
tures were reduced in subjects with femoral neck
T-scores less than −3.53 Intravenous ibandronate
2 mg, every three months, produces similar changes
in BMD54, 55 but its anti-facture efficacy is not yet
known.

Figure 18-4. Relationship between bone resorption markers
expressed as a T-score and the 0- to 3-year incidence of new
vertebral fractures. The placebo group is represented by the
broken line and the risedronate 5 mg/day group by the solid
line. All patients received calcium supplementation (1000
mg/day) and vitamin D (if levels were low). (From Eastell R,
Barton I, Hannon RA, et al: Relationship of early changes in
bone resorption to the reduction in fracture risk with
risedronate. J Bone Mineral Res 2003;18:1051-56, with
permission of the American Society for Bone and Mineral
Research.)
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ZOLEDRONATE

The advent of the extremely potent intravenous
bisphosphonate zoledronate (also referred to as zole-
dronic acid) provided the opportunity to test more thor-
oughly the potential of intermittent intravenous
bisphosphonate administration.56 In a phase II trial
involving 350 women with low BMD, participants were
randomized to receive placebo or one of five zoledronate
regimens. Three of these regimens involved the use of a
3-month dose interval, one a 6-month dose interval, and
one a single dose at the beginning of the 1-year study.
While BMD and markers of bone turnover were stable in
the placebo group, these indices changed almost identi-
cally in the five zoledronate groups, indicating that the
regimens were therapeutically equivalent (Figure 18-5).
The changes in both markers and BMD were compara-
ble with those seen with standard daily regimens of oral
bisphosphonates, which are of proven antifracture effi-
cacy. This suggests that annual administration of zole-

dronate is likely to prevent fractures, although the results
of phase III studies currently underway will need to be
awaited for confirmation of this.

It should be noted that this study does not establish
a maximum effective dose interval, because there is no
evidence of loss of efficacy even 12 months after a sin-
gle dose. Thus, it is possible that a greater spacing
between doses could be effective, and the maximum
interval is likely to be dependent on both the dose and
the bisphosphonate used. If the antifracture efficacy of
zoledronate is confirmed, then it is likely that many
individuals at risk for osteoporosis will opt for the con-
venience of infrequent intravenous dosing in prefer-
ence to daily or even weekly use of tablet preparations.

OTHER BISPHOSPHONATES

There are also data indicating that a number of other
bisphosphonates are effective. Pamidronate has been
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Figure 18-5. Effect of five regimens
of administration of zoledronate or
placebo on (a) lumbar spine bone
density and on (b) bone resorption
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of type I collagen). The regimens are
shown in the inset as the (number
of infusions) × (dose in mg) during
the 1-year study. All findings in the
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the others. (From Reid IR, Brown JP,
Burckhardt P, et al: Intravenous
zoledronic acid in postmenopausal
women with low bone mineral
density. N Engl J Med 2002;346:653-
61. Copyright 2002 Massachusetts
Medical Society.)
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used orally57,58 and as intermittent infusions.59,60

Several studies have been reported with clodronate,
most recently as a daily oral formulation.61 In this
study of 593 osteoporotic women, the incidence of
vertebral fractures was significantly reduced by 46% in
subjects assigned to clodronate.

BISPHOSPHONATES IN THE PREVENTION OF
OSTEOPOROSIS

Bisphosphonates have positive effects on BMD in
women who do not have osteoporosis. For example, in
a study of recently menopausal women, alendronate
treatment for 7 years increased spine and trochanter
BMD by 3% to 4%, whereas femoral neck BMD was
maintained.62 A 2-year study with risedronate produced
similar results.63 An important unresolved issue with
regard to the use of both bisphosphonates and other
anti-osteoporotic medications, however, is whether they
prevent fractures in individuals who do not already have
osteoporosis. Studies with both alendronate27 and rise-
dronate39 have suggested that they do not, although nei-
ther of these studies was powered to specifically address
this issue. The findings of the Women’s Health Initiative
suggest that estrogen/progestin prevents fractures in
unselected older women, and a recent study comparing
clodronate 800 mg/day with placebo in 5592 women
aged 75 years or older also found fewer clinical fractures
(reduced by 20%) over 3 years.64 Antifracture efficacy
was independent of age, body mass index, baseline
BMD, or prior fracture history. This represents a poten-
tial significant expansion to the indications for the use of
bisphosphonates, particularly as they become more
affordable in the coming years.

COMBINATION THERAPY

Recently, much interest has focused on the use of com-
binations of a bisphosphonate with another agent, par-
ticularly parathyroid hormone (PTH). The PaTH Study
randomized 238 postmenopausal women with BMD T-
scores of less than −2 to PTH, alendronate, or the com-
bination.65 Bone turnover markers were almost dou-
bled with PTH, and more than halved with
alendronate. With combination therapy, formation
markers rose at 1 month, but subsequently both forma-
tion and resorption markers paralleled the changes seen
with alendronate alone. PTH produced larger changes
in spine BMD than did alendronate, whereas the
reverse tended to be the case at the hip. Combination
therapy resulted in changes that were intermediate
between those found with the respective monothera-
pies. Similar results have been found in a study in male
osteoporosis.66 However, adding PTH on top of a bis-
phosphonate does appear to produce more positive

changes in BMD than does continuation of the bispho-
sphonate alone.67 Thus, it is unclear what role combi-
nations of PTH and bisphosphonates have in
osteoporosis management.

TREATMENT OFFSET

After discontinuation of alendronate, bone turnover
rises to some extent, but even several years after the end
of long-term use, bone resorption rates have not
returned to baseline.68,69 Preliminary data have been pre-
sented suggesting that the offset of risedronate’s effect is
more rapid, but the degree of suppression was less than
in the alendronate studies, so these data are not directly
comparable.70 Greenspan and coworkers71 found that
there was a significant loss of BMD after the termination
of 2 years of treatment with estrogen/progestin, whereas
there was no loss of BMD after termination of alen-
dronate after a similar period of treatment. McClung and
coworkers69 found that there was some loss of BMD after
2 or 4 years of therapy with alendronate, but that this was
again much less than that after a similar period of treat-
ment with estrogen/progestin. Bagger and coworkers
assessed women 7 years after treatment withdrawal and
found that those who received alendronate (2.5-10 mg
per day) for 2 years had a 3.8% higher BMD than those
who received placebo.68 The residual effect was propor-
tionally larger in women who had received treatment for
longer periods (4 years, 5.9%, P = 0.02; 6 years, 8.6%, 
P = 0.002). The slow offset of the bisphosphonate effect
is not surprising in light of their long residence time in
bone. This prolonged duration of action raises impor-
tant, unanswered questions about the optimal duration
of continuous therapy.

LONG-TERM EFFECTS

There is substantial uncertainty regarding the optimal
use of bisphosphonates for long-term therapy. The
continuing rise in spine BMD with long-term use
implies that bisphosphonates have progressive effects
on bone, and it appears that they are progressively
accumulated in bone mineral. Therefore, it is possible
that at some point this accumulation will become dele-
terious. On the basis of these findings, several courses
are open. One is to conclude that treatment up to 10
years is safe and effective, and to continue treating
most patients for this period of time. This course is
supported by both of the extended studies of alen-
dronate. A second course is to reduce alendronate
doses from 10 mg/day to 5 mg/day (or its equivalent)
in patients who have been taking alendronate for peri-
ods greater than 5 years. This is consistent with the FIT
extension, which does not appear to show a fracture



advantage of alendronate 10 mg/day over 5 mg/day
during the second quinquennium of treatment,
although a detailed breakdown of the data by dose is
not yet available. Whether such a dose reduction is
appropriate for risedronate cannot be determined. A
third course is suggested by the recent analysis of the
relationship between fracture incidence and bone
resorption in the risedronate studies.46 This suggests
that the intermittent use of bisphosphonates to main-
tain resorption markers 1.5 SD below the pre-
menopausal mean might produce maintenance of
fracture prevention. However, there are no data to
address this in the context of use for 5 to 10 years, nor
in direct comparison with other treatment strategies.

In recent years, there has been a general acceptance
that the surrogate endpoints of BMD and bone
turnover do not guarantee antifracture efficacy.
Therefore, it is not possible to determine which of the
above approaches is optimal in terms of the one end-
point that really matters: fracture. The least speculative
course is to continue bisphosphonates until year 10
and then consider dose reduction along with monitor-
ing of BMD and turnover. Unfortunately, there is no
prospect of authoritative data beyond 10 years becom-
ing available in the foreseeable future.

SAFETY

A number of different safety issues have arisen with bis-
phosphonate use in osteoporosis. There was initial con-
cern that these potent antiresorptives would decrease
bone turnover to a level at which microdamage would
not be repaired, resulting in decreased biomechanical
strength. Although such effects have been demonstrated
in animal models treated with high doses of bisphos-
phonates,72 this phenomenon has not been found in
human studies, where, in contrast, fracture rates are
found to decrease. Isolated reports of stress fracture
occurrence in patients treated with bisphosphonates
have appeared,73 but in the absence of persuasive control
data, the consensus is that this is not a major issue.

A second concern was that bisphosphonates would
interfere with the normal mineralization process. This
is clearly true of etidronate when used in high doses for
the treatment of Paget disease but has not been found
to be a widespread problem with the lower dose cyclic
regimen used in osteoporosis. Again, isolated case
reports have appeared,74 but long-term follow-up of
the original trial groups75 and large-scale observational
studies76 (albeit without bone biopsies) indicate that
this is an uncommon problem.

Gastrointestinal side effects are now the principal
concern with the use of oral bisphosphonates. Patients
with preexisting inflammatory bowel disease some-

times suffer exacerbations when taking etidronate, but
upper gastrointestinal inflammatory effects are not
increased by the use of this drug.77 The same is true
when these agents are used in association with non-
steroidal anti-inflammatory drugs or corticosteroids.

Randomized controlled trials of alendronate pro-
duced similarly reassuring results, demonstrating that
gastrointestinal adverse effects are no more common
in the active therapy group than in the placebo
group.78 However, case reports of upper gastrointesti-
nal problems have appeared, including descriptions of
esophageal and gastric erosions and ulcers.79 The latter
probably result either from reflux of bisphosphonate
tablets from the stomach or from abnormalities in the
esophagus, which interfere with tablet transit. These anec-
dotes are supported by observational post-marketing
data, indicating that alendronate users are 60% more
likely to visit doctors or hospitals complaining of dys-
peptic symptoms.80 The discrepancy between trial and
post-marketing data may have arisen because patients
with significant upper gastrointestinal disease did not
enter the trial program, or because dosing regimens
were more strictly adhered to in the disciplined envi-
ronment of a clinical trial.

A number of short-term randomized controlled
trials have now been carried out to use endoscopy to
assess the gastrointestinal effects of these agents.
Graham and colleagues81 have shown a significantly
increased risk of endoscopic abnormalities after only
several weeks of alendronate therapy, whereas other
investigators have not.82,83 The propensity of amino-
bisphosphonates to damage mucosal surfaces has
resulted in oral ulceration in a case report of a patient
who sucked alendronate tablets.84

Like alendronate, risedronate was not associated
with an increased risk of gastrointestinal adverse
events in the phase 3 study program, even in those with
predisposing medical histories and medications.85

Endoscopic studies are also generally reassuring with
this agent.86-88

When adverse gastrointestinal experiences occur
with the aminobisphosphonates, these agents do not
necessarily need to be abandoned. Miller and cowork-
ers89 found that, of patients intolerant of alendronate,
only 15% were still intolerant of the agent when rechal-
lenged, in comparison with 17% of those rechallenged
with placebo. Similar data have been published for sub-
jects intolerant of alendronate being rechallenged with
risedronate or placebo; discontinuation rates are 16.1%
and 11.4%, respectively.90 To minimize the likelihood
of gastrointestinal problems with oral aminobisphos-
phonates, these medicines should be taken with a full
glass of water and the patient should remain upright
over the following hour to minimize the likelihood of
tablet reflux into the esophagus. Weekly alendronate or

Safety
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risedronate are at least as safe as daily therapy in terms
of gastrointestinal side effects.44,91-93

One way of circumventing the possible problem of
gastrointestinal intolerance of potent bisphosphonates
is to administer these drugs intravenously.57 This route
of administration is well tolerated, although some
patients develop a mild influenza-like illness after the
first injection of these drugs. This has been attributed
to an acute phase reaction and, in the doses of zole-
dronate used in treating osteoporosis, occurs in about
10% of individuals. It leads to withdrawal from treat-
ment in less than 2% of patients. This problem has
occasionally been reported with the use of oral amino-
bisphosphonates.94

Other bisphosphonate side effects are rare. Intra-
venous dosing with pamidronate has been associated
with iritis95 and, less commonly, with impaired hear-
ing,96 but these problems have not been reported with
the doses used in osteoporosis. There is one report of
disordered liver function test findings with the use of
clodronate.97 Recently, a syndrome of either a non-
healing tooth extraction socket or an exposed jawbone

after dental procedures in patients receiving high-dose
bisphosphonate for malignancy has been described.98

These lesions are refractory to débridement and antibi-
otic therapy. Although a few patients receiving osteo-
porotic doses of bisphosphonates have been described
with this problem, the great majority of those affected
have malignancy.

CONCLUSIONS

The bisphosphonates now hold center stage in the
management of osteoporosis. An increasing diversity
of agents and regimens are available, and evidence for
their safety and efficacy continues to grow. In some
countries, generic formulations may be available in the
near future, and this is likely to reduce drug costs. As
this trend progresses and the bisphosphonates become
even more cost-effective, there will be a need to con-
tinually review the indications for the use of these
powerful agents to optimize their effects on bone
health.
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Osteoporosis is a disease that is characterized by both a
deterioration of the bone structure and a reduction in
bone mass such that the bone fractures with very little
impact. Therefore, the ideal treatment for osteoporosis
would be with agents that would improve the bone
strength and reduce bone fracture rates.1 Over the past
10 years, a number of new medications have been
approved for the prevention and treatment of osteo-
porosis, including selective estrogen receptor modula-
tors (raloxifene),1,2 bisphosphonates,3-5 and calcitonin,6

just to name a few. All of these agents’ main effect is to
reduce bone turnover, as they are referred to as antire-
sorptive agents. However, by reducing bone turnover,
they effectively prolong the secondary mineralization
phase of the bone remodeling cycle and improve bone
strength.7 Sodium fluoride was also tried as an agent to
treat osteoporosis. Although sodium fluoride is
referred to as an anabolic agent because it stimulates
osteoblasts to form new osteoid, it was not found to
have antifracture efficacy initially due to its incorpora-
tion into the hydroxyapatite crystal as fluoroapatite,
which turned out not to be as strong as the hydroxy-
apatite. Subjects treated with this agent sustained more
fractures than those treated with placebo.8 However,
when a lower dose of a slow-release sodium fluoride
preparation was used (75 mg twice a day), a reduction
in vertebral fracture risk was observed in only one
study, but because fracture reduction was not found in
another study, the agent has not been approved for the
treatment of osteoporosis.9,10

Despite the availability and the efficacy in fracture
reduction with approved antiresorptive agents, a sig-
nificant argument can still be made for expecting
only modestly good results from an antiresorptive
agent that is targeted to osteoclasts. Once adult peak
bone mass is achieved, the skeleton has limited
capacity to form new bone from soft tissue sites.
Adult bone is strengthened in response to different
forms of mechanical loading by thickening of the
bone that is already present.11,12 On the endosteal
surfaces of the cortical bone and on the trabecular

bone surfaces, packets of new bone form at these
sites where there has previously been bone resorp-
tion. Also, bone can slowly accumulate by continu-
ous slow accretion only on periosteal surfaces, but
this occurs at very low levels in adults. Therefore, if
bone resorption is reduced with antiresorptive
agents, even fewer sites will be available for forma-
tion of thickened packets of new bone. Although the
balance of bone formation over bone resorption is
positive with antiresorptive agent treatment, as
evidenced by a significant increase in bone mineral
density (BMD) within the first 2 to 4 years of therapy,
the effect does plateau.4 Also, although antiresorptive
agents, especially the bisphosphonates, do reduce
fracture risk by 50% or more in osteoporotic sub-
jects, because these agents only modestly alter tra-
becular and cortical bone structure, subjects still are
at a relatively high risk of fracture despite compli-
ance with these therapies.4,5

HISTORICAL BACKGROUND ON
PARATHYROID HORMONE

Parathyroid hormone (PTH) (1-84) is the principal
regulator of calcium homeostasis in mammals. PTH is
released when serum calcium levels are low and it is
suppressed when calcium levels increase. PTH also reg-
ulates bone metabolism as it stimulates 1-α-hydoxylase
activity in the kidney, thereby increasing 1,25-
dihydroxyvitamin D levels, which promote intestinal
calcium absorption.12

It has been know since the 1930s that parathyroid
hormone has anabolic properties on bone.13

Importantly, these data were somewhat ignored due to
manufacturing issues that were resolved in the 1970s
when synthetic PTH could be manufactured.
Biosynthetic intact PTH (1-84), many synthetic or
biosynthetic PTH fragments, and PTH-peptide have
been developed and studied in both preclinical and
clinical trials during recent years.12

Parathyroid Hormone for the
Treatment of Osteoporosis: The
Science and the Therapy
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PATHOPHYSIOLOGY OF THE ACTION OF
PARATHYROID PEPTIDES

Parathyroid hormone exerts most of its biological
functions on bone through the PTH1 receptor it shares
with the PTH-related peptide (PTHrP) (Figure 19-1).
The effects of the PTH2 receptor on bone have not yet
been clearly delineated.12,14,15 Interestingly, the PTH1
receptors are generally not found on osteoclasts but are
found in high numbers on stromal cells that generate
osteoblasts, and on growth plate chondrocytes in
growing animals. When PTH activates its receptor, it
results in intracellular activation of cyclic adenosine
monophosphate (cAMP) and cAMP-dependent
protein kinase-A. At high concentrations, the phos-
pholipase-c system can also be activated.12,15 The
osteoclastic bone resorption that accompanies
prolonged daily PTH administration or continuous
PTH administration most likely occurs from the
osteoblast/stromal cells release of RANKL, interleukin-6,
and other osteoclast-activating proteins that activate
RANK on the osteoclast surface and result in matura-
tion and activation of osteoclast activity.16,17 Also, PTH
treatment may inhibit osteoprotogerin (OPG), which
is a decoy receptor of RANKL and an inhibitor of
osteoclast maturation and activation. Small clinical
studies appear to support these findings.17

In preclinical and clinical studies, it has been
observed that a daily injection of PTH fragments leads

to stimulation of bone formation followed by some
bone resorption. However, with continuous high levels
of PTH fragments, as are seen in the clinical disease of
hyperparathyroidism, there is bone formation but
greater bone resorption, usually resulting in a new loss
of bone. Because of observations that bone cells react
differently to exposure to intermittent and continuous
levels of PTH, attention has focused on why this phe-
nomenon occurs. The anabolic actions of the daily
PTH administration has been a topic of great interest.
How PTH increases bone mass is not completely clear.
However, Dobnig and Turner found that a single sub-
cutaneous administration of hPTH (1-34) or a 1-hour
infusion resulted in a significant increase in the num-
ber of osteoblasts in previous nonremodeling bone
surface.18 However, if the infusion of hPTH (1-34) was
continued for 12 to 24 hours, there was a significant
increase in osteoclasts on the trabecular bone surface.
The authors concluded that the one subcutaneous
administration or the 1-hour infusion of hPTH (1-34)
may have activated previously inactive lining cells to
redifferentiate into an osteoblast phenotype and form
bone.18 Leaffer and colleagues19 performed a more
detailed ultrastructural study and made similar con-
clusions. Also, a short-term, 28-day treatment with
hPTH (1-34) resulted in an increase in osteoblast
number on the trabecular bone surface, as compared
with results in control subjects.20 Another research
group has devoted more effort to defining the anabolic
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PROPOSED MECHANISMS OF ACTION
OF PTH OF BONE FORMATION

IGF-1
FGF-2
TGFβ

Release of
matrix factors
IGF-1
FGF-2
TGFβ

Osteoblasts ↑ Osteoclasts
Bone resorption

RANKL
IL-6

PTH

Bone
Formation

↑ Osteoblast activation
↑ Precursor differentiation

↑ Osteoblast lifespan

Figure 19-1. Parathyroid hormone (PTH) promotes bone formation through a number of different mechanisms. PTH promotes the
osteoblast proliferation via several mechanisms. PTH stimulates preosteoblasts and osteoblasts to make growth factors (IGF-1, FGF-2,
TGFβ) that promote proliferation of mesenchymal stem cells to differentiate into preosteoblasts. PTH stimulates the conversion of
bone lining cells to osteoblasts and it prevents osteoblast and osteocyte apoptosis.18 Also, with continued PTH treatment,
osteoblasts are stimulated to produce RANKL and interleukin-6 which stimulates osteoclast maturation and activity. Osteoclastic
bone resorption, releases more bone growth factors (IGF-1, FGF-2, TGFβ) from the bone matrix that further stimulate the
maturation and activity of osteoblasts. FGF-2 = fibroblast growth factor-2; IGF-1 = insulin-growth factor-1; TGFβ = transforming
growth factor β. (Adapted from Whitfield85 and Lane and Kelman.86)



action of PTH and has in vitro evidence that PTH
increases bone formation by preventing osteoblast
apoptosis, thereby prolonging the bone-forming
time.21 All of these data support a role of PTH given by
a method that exposes the bone-forming cells to the
protein for only a short period of time in initially caus-
ing a very rapid increase in bone formation. Most
likely, this rapid anabolic action is the result of a com-
bination of factors that includes increasing osteoblast
lifespan and activity.

It is well known, however, that PTH has different
effects on the skeleton depending on the time of expo-
sure of the bone cells to the protein. Collagen synthe-
sis was inhibited in cavarial cultures when continuous
PTH exposure was provided, but increased with inter-
mittent exposure of PTH. The stimulatory effect of
PTH on collagen synthesis was found to be through the
stimulation of insulin-like growth factor (IGF)-1 pro-
duction by bone cells or released from the calvarial
bone matrix.22,23 Additional molecular biological
examination was done to further elucidate this finding
of increased mRNA transcripts for IGF-1 when cancel-
lous osteoblasts from ovariectomized rats were
exposed to PTH.24 Although it is still not fully under-
stood how IGFs act to increase the formation of new
bone with PTH treatment, it is believed that the IGFs
probably act locally and are either produced by
osteoblast-like cells or are released from the nearby
bone matrix and prolong the osteoblast phenotype to
increase new bone formation packets. In addition, the
IGFs may inhibit osteoblast apoptosis, prolonging
osteoblast survival and thereby increasing bone mass.
Recent data from an IGF-1 knockout mouse experi-
ment found that treatment with hPTH (1-34) did not
increase bone formation, suggesting that IGF-1 was
again clearly involved in the mechanism for PTH-
activated bone formation.25

Insulin-like growth factors are not the only bone
growth factors that may be influenced by PTH treat-
ment. Basic fibroblast growth factor (FGF) is also
released from the bone matrix and can influence stro-
mal cell differentiation into osteoblasts. Basic FGF is
known also to stimulate the production of new trabec-
ulae and improve trabecular thickness in mouse and
rat models of osteoporosis.26, 27 Also, an FGF-2 (bFGF)
knockout mouse, when treated with hPTH (1-34), did
not have an increase in bone formation, suggesting
that bFGF is an important factor in the bone formation
action of PTH.28 Lastly, a clinical study in which daily
hPTH (1-34) treatment was given to osteoporotic
postmenopausal women taking glucocorticoids found
that bFGF levels increased nearly 150% over the base-
line after 3 months of treatment and remained elevated
at nearly this level until the PTH therapy was discon-
tinued after 1 year. At the time of discontinuation, the

levels fell toward the baseline levels very quickly.29

Importantly, there was no change in serum bFGF levels
in the control group who were just treated with
calcium and vitamin D supplementation.29

There are probably a number of other bone growth
factors that are stimulated with PTH treatment within
the local bone environment. Data are available showing
that PTH affects transforming growth factor-1 activity
and prostaglandin production.12,30

The Wnt Signaling Pathway and
Parathyroid Hormone
Recently, a very important biological pathway was
delineated, the canonical Wnt signaling pathway,
which is composed of secreted glycoproteins that par-
ticipate in morphogenesis, determination of cell polarity,
and regulation of cell proliferation and differentiation
during embryogenesis.31 In addition, this pathway
plays a major role in postnatal bone accrual. Major
advances in our understanding of skeletal biology that
could lead to therapeutic advances and understanding
of diseases of altered bone have and will continue to
emerge as this pathway is further elucidated. A sub-
group of Wnts induces a cascade of intracellular events
that stabilize B-catenin, facilitating its transport to
nuclei where it binds to Lef1/Tcf transcription factors
and alters gene expression to promote osteoblast
expansion and function. Natural extracellular Wnt
antagonists, Dickkopfs and secreted frizzled-related
proteins, impair osteoblast function and block bone
formation. In a number of genetic disorders of skeletal
mass, mutations of Wnt signaling proteins, including
LRP5, create gain-of-function or loss-of-function
receptors that tend to be resistant to the normal regu-
latory mechanisms and cause higher or lower bone
density. Recently, families have been identified in
whom a gain-of-function mutation of the LRP5 cell
surface receptor results in extremely high bone
mass.31, 32 In addition, small rodent models in which
the genes for the Wnt proteins are either knocked out
or overexpressed reveal that the mice with the LRP5
mutation have a greater increase in bone mass in
response to loading than control mice.32 This informa-
tion synthesizes the long-held belief that a mechanism
or “mechanostat” exists in which the skeleton
responds to loading by forming bone and that the Wnt
pathway most likely is the link to the skeleton respond-
ing to load by increasing bone mass. The Wnt signal-
ing pathway is also important in the sequence of events
on how PTH increases bone formation. Because the
canonical Wnt signaling pathway promotes the prolif-
eration, expansion, and survival of premature and
immature osteoblasts, Dickoff-1, secreted frizzled
related proteins, and Wif-1 antagonize Wnt signaling
in osteoblasts to promote the death of immature cells.
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However, they can also downregulate the pathway in
mature cells to induce terminal differentiation.31

Recent data demonstrate that treatment of osteoblast
cells with PTH results in a decrease in Dickoff-1 pro-
duction and an increase in canonical signaling that
stimulates osteoblasts to mature and form bone.31,33

Additional research on this pathway will surely expand
our knowledge of how skeletal tissues are both formed
and maintained.

Preclinical Studies of Parathyroid
Hormone
In the clinical development of any agent for osteoporo-
sis, the US Food and Drug Administration (FDA)
requires that an agent demonstrate significant efficacy
in a small animal model and a larger animal model with
known intracortical bone remodeling. In addition, the
FDA requires study endpoints of bone mass and bio-
mechanical tests of bone strength. Interestingly, quite a
large number of animal studies were done with PTH
both for the process of clinical approval by the FDA and
also by curious scientists interested in its novel mecha-
nism of action on the skeleton. Because the number of
animal studies performed with PTH is in the hundreds,
this chapter will review just a few of them.

Numerous studies in animal models have demon-
strated that intermittent PTH injections have an ana-
bolic effect on cancellous bone at multiple skeletal sites.
As early as the late 1920s and 1930s, daily injections of
a peptide extract of human PTH into rats were found to
increase bone density.34,35 Initial observations included
proliferation of both osteoclasts and osteoblasts after a
single injection of 20 units of parathyroid extract.
When the injections were continued, bone tissue
increased and the number of osteoclasts (but not
osteoblasts) declined.35,36

The anabolic effect of hPTH has been documented in
healthy adult female rats. Rats injected with varying
doses of hPTH (1-38) 5 days per week for 2 to 8 weeks
demonstrated anabolic responses in both femoral
cortical and trabecular bone. Observed microarchitec-
tural changes included increased cancellous bone mass
due to trabecular thickening, small increases in the
quantity of woven bone in marrow cavities, and the
presence of lamellar bone formation on all surfaces.35,37

Interestingly, rats treated for 8 weeks with hPTH (1-38)
had increased bone mass compared with animals treated
with hPTH (1-38) for 4 weeks followed by 4 weeks of
placebo, and both groups had significantly greater bone
mass compared with placebo. This anabolic action of
hPTH (1-38) occurs relatively rapidly after initiation of
therapy. In a study of the action of different durations of
50 μg/kg hPTH (1-38) in 48 10-week-old healthy female
rats, animals treated for only 10 days demonstrated sta-
tistically significant increases in bone mass, bone min-

eral content (as measured by ash weight), and BMD
measured by dual x-ray absorptiometry (DXA).35,38

Animals treated for 15 days had additional improve-
ments, including improved biomechanical properties of
the hip and increased width of the femoral neck.

The effect of intermittent PTH injections was also
assessed in the ovariectomized rat, the primary animal
model of postmenopausal osteoporosis. The adult
female rat, when rendered estrogen deficient by bilat-
eral ovariectomy, loses trabecular bone mass very rap-
idly from sites with red marrow (high turnover
trabecular bone), which includes both the proximal
tibial and distal femoral metaphyses, very similar to the
postmenopausal female human. However, the loss of
trabecular bone mass in the adult female rat is much
more rapid than in the postmenopausal female human
in that the rat loses nearly 30% in 6 to 8 weeks whereas
the postmenopausal women loses 30% over a 20- to
30-year period.39 A study of immature female Sprague-
Dawley rats treated immediately after ovariectomy for
25 weeks with multiple weekly injections of hPTH
(1-34) revealed that hPTH (1-34) prevented the reduc-
tion in bone weight and mineral content observed in
the ovariectomized controls.35,40 In other words, three-
times-weekly injections of hPTH (1-34) prevented the
development of low bone mass in ovariectomized rats.

Intermittent PTH is also effective in reversing osteo-
porosis due to estrogen deficiency. In a 6-month course
of daily injections of 8 or 40 μg/kg of hPTH (1-34) in 
9-month-old ovariectomized rats, both doses substan-
tially increased bone mass in the proximal tibia and
femur compared with ovariectomized controls.35,41

Significant dose-dependent anabolic actions on
femoral bone at the metaphysis, diaphysis, and, to a
lesser extent the epiphysis were observed. Mechanical
resistance to fracture and compression, particularly in
the lumbar spine, was also significantly increased. In
this instance, hPTH (1-34) therapy reversed bone loss
associated with estrogen deficiency and markedly
improved many biomechanical properties of bone.

Similarly, a 1995 study of daily treatment with
62.5 μg/kg/d hPTH (1-34) for 56 days in 2-year-old
male rats demonstrated a statistically significant
increase in cancellous bone volume and trabecular
thickness of the L1-6 vertebral bodies.35,42 In addition,
hPTH (1-34) induced accelerated bone formation (as
evidenced by the increased mineral apposition rate),
increased mineralizing surface, and increased volume-
related and surface-related bone formation rates. An
analysis of the strength of the L4 vertebra after com-
pletion of hPTH (1-34) therapy revealed increases of
66% in total load, 47% in total stiffness, and 98% in
total energy absorption, which remained even after
correction for increased bone mass. Also, a measure-
ment of total bone calcium found that hPTH (1-34)
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dramatically improved this in addition to the total
bone dry weight after 12 days of therapy.35,43

A more recent study documented that treatment with
hPTH (1-34) in 2-year-old male rats with age-related
osteoporosis in the distal femur led to a statistically sig-
nificant increase in trabecular bone volume and trabec-
ular thickness, as measured by micro-computed
tomography (micro-CT), and compressive strength.35,44

Thus, hPTH (1-34) led to the formation of new cancel-
lous bone and substantially improved bone strength in
sites where osteoporosis had developed in older male
rats. Studies in other animal models, including
cynomolgus monkeys, greyhounds, beagles, and rabbits,
have demonstrated similar effects of intermittent hPTH
fragments on bone.

In summary, intermittent PTH therapy augments
bone mass in healthy rats, prevents bone loss in newly
estrogen-deficient rats, and increases bone mass in rats
with low bone mass or established osteoporosis. The
majority of the beneficial activity is observed in areas
rich in trabecular bone, which include the lumbar
spine, distal femur, and proximal tibia. Continued
work in our laboratory evaluating the effects of hPTH
(1-34) versus bFGF in the treatment of estrogen-defi-
ciency osteoporosis find that the major effect of PTH
in reversing osteoporosis in the rat is to thicken existing
trabecular plates, thereby improving bone strength.
Interestingly, bFGF treatment of osteoporotic rats
also improves bone mass and bone strength like hPTH
(1-34), but it increases trabecular number by stimulat-
ing osteoblast progenitors to differentiate into
osteoblasts and form new trabeculae. The new trabec-
ulae formed by bFGF appear to connect to existing tra-
beculae and again, like hPTH (1-34), improve bone
strength, albeit by different mechanisms.26

The effect of hPTH fragments on cortical BMD and
strength appears to differ across species. Initial fears that
hPTH therapy may lead to increased cancellous bone
mass at the expense of cortical bone, the “cortical steal”
phenomenon, have not been conclusively confirmed in
animal models, in clinical trials of hPTH in men and
women with osteoporosis, or in histomorphometric
analyses of men and women with osteoporosis.

Because the FDA requires that studies for osteo-
porosis agents be done in an animal species that is
larger than the rat, studies with hPTH-related frag-
ments were performed. It was also critical for the pre-
clinical development of PTH to perform studies in an
animal model that had intracortical bone remodeling
similar to the human, as the ovariectomized rat does
not remodel its cortical bone. Adult cynomolgus
ovariectomized monkeys or sham-operated controls
were given hPTH (1-34) subcutaneously at 10 μg/kg
for 3 days a week for 6 months. The investigators
reported that PTH treatment resulted in a 6.7%

increase in spinal BMD, but no increase in total body
bone mass was found. Mechanical testing revealed
that PTH treatment significantly increased bone
strength at the axial skeleton in a large estrogen-defi-
cient animal model and that hPTH (1-34) improved
bone mass and bone strength both at trabecular and
cortical bone enriched sites.45

One interesting aspect of the animal studies was the
effect of PTH on the response of bone to mechanical
loading. As stated earlier in this chapter, PTH appears
to link the mechanical loading of bone to the bone-
forming genes and proteins (Wnt signaling pathway)
in the osteoblast. A study by Chow and associates
found that PTH increased the bone formation from
mechanical stimulation in the caudal vertebrae in rats.
Interestingly, the increase in bone formation in
response to mechanical loading could be further aug-
mented with the injection of PTH about 60 minutes
before the loading.46 Again, this was additional evi-
dence that PTH augments bone cells to respond to
mechanical load and form bone, most likely increasing
Wnt signaling pathway in osteogenic cells.

Several additional preclinical studies were per-
formed with PTH in combination with antiresorptive
agents, including estrogen, calcitonin, and bisphos-
phonates, to determine whether the combination of an
antiresorptive agent that would prevent cortical bone
remodeling would be superior to PTH alone. The
majority of these studies were performed in mature
ovariectomized rats, and outcome variables included
histomorphometry at high-turnover trabecular bone
skeletal sites with mechanical testing of bone strength.
Nearly all of the studies found that PTH was as effec-
tive alone as in combination.47-49 One study by Shen
and colleagues50 reported that PTH and estrogen
increased trabecular connectivity and bone mass more
than either alone, but other investigators could not
reproduce this findings.51

Another important aspect of interest from the pre-
clinical animal studies for the development of PTH
was that PTH increased bone mass during the therapy,
but immediately after PTH was discontinued the bone
mass accrued during the therapy rapidly disappeared.
However, if treatment of the osteoporotic rats was
sequential with the course of PTH therapy being fol-
lowed by a bisphosphonate, the newly formed bone
from the PTH treatment was maintained.52

CLINICAL STUDIES

Pharmacokinetic Properties of Parathyroid
Hormone
Recombinant human PTH (1-34) or teriparatide is the
only PTH fragment currently approved for the treat-
ment of osteoporosis in women and prevention of
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bone loss in men. Teriparatide reaches serum peak
concentrations about 30 minutes after a subcutaneous
administration for the approved 20 μg dose, and its
serum concentration rapidly decreases within 3 hours.
The systemic clearance of teriparatide is about 62 
L/hour in women and 94 L/hour in men. This clear-
ance rate exceeds the rate of normal hepatic plasma
flow, which is consistent with both extrahepatic and
hepatic clearance. The serum distribution half-life is
about 1 hour when administered by subcutaneous
injection.53 Peripheral metabolism of PTH most likely
occurs by nonspecific enzymatic mechanisms in the
liver with excretion in the kidney.

Clinical Efficacy Studies
A number of small randomized clinical trials were
performed with PTH. Many of these studies were in
postmenopausal women with severe osteoporosis. The
outcome measures in these studies were not standard,
as the DXA and quantitative computed tomography
(QCT) instruments we now have to assess bone mass
and bone volume were still under development. In
general, most of these studies found that PTH [most of
the studies were done with hPTH (1-34)] was anabolic
to the skeleton, with large increases in bone mass of the
lumbar spine assessed by QCT and by iliac crest histo-
morphometry. Early studies, while confirming the pre-
clinical animal study findings that PTH dramatically
increased trabecular bone mass, also revealed evidence
for increased cortical bone remodeling both within the
cortex and on the endocortical surface. An increase in
the cross-sectional area of the cortical bone was also
observed as additional evidence that PTH increased
bone mass on both the periosteal surface and the endo-
cortical surface. Many of these early studies were inno-
vative and clearly confirmed the hypotheses that PTH,
when given as a daily injection with bone cell exposure
only limited to a short period, was anabolic to bone.
This was in contrast to the catabolic effects of PTH on
the skeleton when exposed to continuous high levels,
as in hyperparathyroidism.

Clinical Studies with Antifracture Efficacy
Small investigator-initiated or phase I and phase II
trials of either hPTH (1-34) or PTH (1-84) have been
performed and their findings reported in a number of
review articles.35, 54 In this chapter we comprehensively
review the two large phase III studies with rhPTH 
(1-34) and rhPTH (1-84), because both studies
demonstrate fracture efficacy and rhPTH (1-34) is
currently approved in a number of countries for the
treatment of osteoporosis.

To date, the most comprehensive randomized,
placebo-controlled, double-blinded clinical trial of
rhPTH (1-34) in postmenopausal osteoporosis was

conducted in 1637 postmenopausal women with prior
vertebral fractures and low BMD, who were randomized
to receive rhPTH (1-34) 20 or 40 μg daily.35,55 The
planned duration of the study was 24 months, but the
trial was discontinued after a median follow-up of 21
months because of a report that osteosarcomas had
developed in Fischer 344 rats exposed to lifelong
rhPTH (1-34). In the active drug-treatment groups,
lumbar spine BMD increased by 9% and 13%, respec-
tively, femoral neck BMD increased by 3% and 6%,
respectively, and total body BMD increased by 2% to
4% in both groups. In the shaft of the radius, BMD
decreased from baseline in all three study groups, and
the percentage change compared with the placebo
group (approximately a 2% decrease) reached statisti-
cal significance in those receiving 40 μg rhPTH. The
risk of one or more new vertebral fractures was
decreased by 69% in the 20 μg group and by 65% in
the 40 μg group, as compared with the placebo group.
The risk of new vertebral fragility fractures was also
decreased, by 53% and 54% versus placebo, respec-
tively. Additionally, in women who experienced a new
vertebral fracture, the mean loss of height was signifi-
cantly less in both rhPTH (1-34) groups than in sub-
jects receiving placebo, and there was a marked
decrease in symptoms of back pain in both active-
treatment groups. Adverse events were generally mild
and infrequent, with nausea, headache, dizziness, and
leg cramps most commonly reported. Mild hypercal-
cemia occurred in 2% of the placebo group, 11% in the
20 μg group, and 28% in those receiving 40 μg. Nine
patients were withdrawn from the 40 μg group due to
persistent hypercalcemia, as compared with one
patient in the 20 μg group.35,55

The investigators concluded that treatment of post-
menopausal osteoporosis with rhPTH (1-34) not only
improved BMD at the lumbar spine, femoral neck,
and total body, but also decreased the risk of vertebral
and nonvertebral fractures. Although the effect on tra-
becular bone was well defined, the action on cortical
bone (as evidenced by a decrease in BMD of the radial
shaft) was less clear. Mid-radius and distal radius
BMD decreased in this phase III study of rhPTH (1-34)
for the treatment of postmenopausal osteoporosis.
This anatomic region of the forearm is composed pri-
marily of cortical bone. The effect of rhPTH (1-34) on
cortical bone is best described from iliac crest biopsy
samples taken from a small subset of subjects in the
phase III study. After approximately 21 months of
rhPTH (1-34) treatment, two-dimensional histomor-
phometry of iliac crest biopsy samples revealed a 14%
increase in trabecular bone mass in the rhPTH (1-34)
group and a decrease of 24% in the placebo group.
However, three-dimensional micro-CT assessment of
the same specimens found that compared with the
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placebo group, rhPTH (1-34) treatment increased tra-
becular connectivity (+19% with rhPTH versus −15%
with placebo), changed the structure model index to
reflect a more platelike structure, and increased corti-
cal thickness (rhPTH (1-34), +22%; placebo, +3%).54,56

However, consistent with the knowledge that rhPTH
(1-34) does increase bone resorption, an increase in
cortical porosity was observed both by bone histo-
morphometry and by micro-CT evaluations in the
rhPTh (1-34) group compared with the placebo-
treated group.54,56 Interestingly, at the same time, an
increase in cortical thickness with rhPTH (1-34) was
observed; in fact, the cross-sectional area of the bone
actually increased significantly compared with the
placebo-treated groups. Because the BMD is a ratio of
bone mineral content to the cross-sectional area of the
scan measurement, an increase in cortical thickness
that was greater than the increase in bone mineral
content in the scanned region, this resulted in a mod-
est reduction in BMD in the forearm of patients
treated with rhPTH (1-34). Because bone strength is a
function of both bone mass and cross-sectional area,
calculations of bone strength demonstrated an
increase in the forearm of patients treated with rhPTH
(1-34).54 In addition, other data to support the finding
that subjects treated with rhPTH (1-34) have
increased cortical bone thickness by stimulating new
bone apposition on both the periosteal and endosteal
surfaces were found in a subset of study subjects from
this trial that underwent pQCT of the distal tibia dur-
ing the study. Zanchetta and coworkers reported sig-
nificant changes in bone size and cortical thickness in
rhPTH (1-34)–treated subjects compared with the
placebo-treated group.54,55,57

Treatment with rhPTH (1-34) was associated with a
rapid increase within a month of initiation of therapy
of bone formation markers (>100% above baseline)
and a slower but equally large increase in bone resorp-
tion markers (>100% above baseline levels). The
increase in the biochemical markers of bone turnover
started to decline after 12 months of the therapy,
although they remained elevated above the baseline
levels until the treatment was stopped.55 A post hoc
analysis of the biochemical markers of bone turnover
with rhPTH (1-34) treatment found that study sub-
jects in the highest group for bone turnover markers at
the baseline evaluation had a more rapid increase in
lumbar spine BMD and a greater increase in BMD
compared with study subjects who had lower baseline
bone turnover markers (R. Marcus, personal commu-
nication, January 10, 2005.)

The finding of an increased risk of osteogenic
sarcoma in 344 6-week-old Fisher rats exposed to
high-dose lifelong rhPTH (1-34) is worthy of discus-
sion. Two experiments were performed,35,58 the first of

which exposed rats to rhPTH (1-34) beginning at
2 months of age, at doses that were 3, 20, and 60 times
higher than the recommended human dose. All doses
resulted in the development of osteosarcomas, in a
dose-dependent manner. The second study demon-
strated that tumor development was a function of both
dose and duration of therapy. At the time of this writ-
ing, no primate studies have demonstrated any
increased risk of osteosarcoma with hPTH fragment
therapy. Analyses of more than 2500 humans with pri-
mary, secondary, or tertiary hyperparathyroidism have
failed to document a single case of osteogenic sarcoma.
Studies in humans with osteoporosis who were treated
with rhPTH to date have found no increased incidence
of osteosarcomas. Finally, early standard safety studies
of hPTH (1-34) failed to show a mutagenic or geno-
toxic potential; hPTH fragment therapy is considered
safe in humans for up to 24 months. However,
osteosarcomas are tumors that usually develop in late
adolescence and early adulthood. Therefore, rhPTH
(1-34) is not to be prescribed to subjects with open epi-
physes, subjects with Paget disease, or subjects who
have had radiation to the skeleton or an unexplained
elevation of alkaline phosphatase level.58 Additional
laboratory research is still need to determine whether
there are surrogate markers that can identify individu-
als who might be at risk for this complication. Until
that time, it is critical that physicians follow the warn-
ing in the FDA label in the United States.

Recombinant human PTH (1-84), or Preos, has also
been evaluated in a phase III study for antifracture
efficacy. The TOP study randomized 2532 post-
menopausal women who were older than 55 years of
age, with lumbar spine, femoral neck, and total BMD
T-score of less than −2.5 (or ≤ −2.0 with a prevalent ver-
tebral fracture) or postmenopausal women between the
ages of 45 and 54 years with a T-score of less than or
equal to −3.0 or less than or equal to −2.5 with a preva-
lent fracture. Throughout the trial, all subjects received
700 mg calcium and 400 IU vitamin D supplements
daily and were randomized to either placebo or PTH
100 μg daily. Characteristics of the study subjects
included an average age of 64 years (range, 45-94 years)
and mean spine, total hip, and femoral neck BMD
T-scores of −3.0, −1.9, and −2.2, respectively. Prevalent
vertebral fractures were present in 19% of the 1737
subjects. About 70% of the placebo group and 65% of
the PTH group completed the trial. In subjects who
were 75% or more compliant with the study medica-
tion and the study protocol, the new vertebral fracture
incidence was 3.33% and 1.14% in the placebo and
PTH groups, respectively (P = .002), a relative fracture
risk reduction of 66%. In study subjects who were
compliant with the study protocol and without a preva-
lent vertebral fracture, PTH decreased new vertebral
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fracture from 2.22% to 0.83% (P = .028), resulting in a
relative fracture risk reduction of 63%. PTH decreased
new vertebral fracture incidence from 8.38% to 2.63%
(P = .025) in subjects with a prevalent vertebral frac-
ture, a relative fracture risk reduction of 69%. At month
18, mean spine, total hip, and femoral neck BMD scores
increased by 7.2%, 2.2%, and 2.5%, respectively, in the
PTH group relative to the placebo group (P < .001 for
each). Overall, the percentage of subjects experiencing
adverse events, including serious adverse events was
comparable in both groups. Some study subjects in the
PTH group withdrew from the study (9%), and reasons
given included headache, dizziness, nausea or vomiting,
and elevated serum or urine calcium levels. Two percent
of placebo subjects discontinued due to one or more
similar adverse events. Interestingly, in this study, 16% of
PTH subjects and 12% of placebo subjects discontinued
due to any adverse events.

The results of this pivotal phase III study of PTH
(1-84) found significant protection against first verte-
bral fractures in a high-risk population of post-
menopausal osteoporotic women and provided
significant protection against additional fractures in
women who had already experienced an osteoporotic
fracture. At this time, a new drug application is under
review at the US Food and Drug Administration for
rhPTH (1-84) for the treatment of osteoporosis.59

In summary, the results of these two phase III stud-
ies of recombinant PTH peptides (1-34) and (1-84)
show that both are effective in reducing vertebral frac-
ture risk in osteoporotic and osteopenic post-
menopausal women. At this time, the nonvertebral
fracture risk reduction has only been reported for
rhPTH (1-34) and is still under analysis for rhPTH 
(1-84). The study populations evaluated in these two
large clinical trials of antifracture efficacy were
not exactly similar. All of the rhPTH (1-34) subjects
had osteoporotic fractures, so the therapy was sec-
ondary prevention of an additional bone fracture, and
those in the rhPTH (1-84) study group had only 19%
prevalent vertebral fractures at the baseline evaluation,
so that about 80% in this study were evaluated with
this compound for primary prevention of vertebral
osteoporotic fractures. We believe the over-riding
conclusion is that both agents are effective as both pri-
mary prevention and secondary prevention of osteo-
porotic fractures. Additional studies will need to be
performed if rhPTH (1-84) is approved for the treat-
ment of osteoporosis to identify other similarities and
differences between these two anabolic bone agents.
In addition, these study results suggest that intermit-
tent or daily PTH injections in postmenopausal
women and men is safe and effective treatment for
osteoporosis. Initially, there is a great increase in BMD
at skeletal sites rich in trabecular bone. Next, bone

remodeling dramatically increases with PTH, with
markers of bone formation rising early, followed by
equally increased levels of bone resorption by 6
months of the therapy. These clinical studies demon-
strate that bone strength is significantly enhanced at
several skeletal sites with greater trabecular and corti-
cal bone thickness and a marked increase in bone vol-
ume if measured by QCT. These changes in bone
mass, bone structure, and bone strength result in
rapid and significant fracture risk reduction after 12 to
18 months of daily PTH injections.

Combination Therapy with rhPTH (1-34)
and rhPTH (1-84)
Because PTH is known to cause increased cortical bone
remodeling with continued use, bone investigators
were at one time concerned that the increase in trabec-
ular bone mass might be occurring at the expense of
the cortical bone. These observations also emerged
from the review of iliac crest biopsies in patients with
hyperparathyroidism in which it was observed that
these patients had sufficient trabecular bone mass and
evidence of high bone formation on the trabecular and
endocortical surfaces, but they also had cortical
remodeling or porosity. To try to minimize the corti-
cal remodeling that occurs with PTH treatment and to
evaluate whether the addition of an antiresorptive
agent might prevent bone resorption and shorten the
duration of PTH therapy, a number of combination
studies with PTH were undertaken. None of these
studies has fracture endpoints, but they are important
to review to provide history and insight into the
actions and use of PTH as an osteoporosis agent.

Combined Human Parathyroid Hormone
and Hormone Replacement Therapy or
Selective Estrogen Receptor Modulator
Therapy in Postmenopausal Women
Several clinical trials have addressed the efficacy of
hPTH amino-terminal fragments in combination with
postmenopausal hormone replacement therapy
(HRT). HRT is a recognized and often used antire-
sorptive therapy that helps prevent bone loss in states
of estrogen deficiency. In 2003, however, the Women’s
Health Initiative (WHI)60 found the risks of HRT
including myocardial infarctions, cerebrovascular
accident, and thromboembolism were greater than
expected. Since then, the use of HRTs for the preven-
tion and treatment of osteoporosis has virtually
stopped in the United States. The studies presented in
this section were all performed before the WHI study
results were known. Although HRT is effective in pro-
tecting the skeleton from ongoing bone loss, its func-
tion as an anabolic agent is limited. Because hPTH
(1-34) clearly has anabolic actions on cancellous bone
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but may cause cortical bone remodeling, it was hypoth-
esized that the addition of an antiresorptive agent such
as HRT might prevent cortical bone loss and thus result
in an even greater gain in BMD than with hPTH (1-34)
monotherapy. In addition, it was believed that HRT
could help to maintain the improved BMD after a
relatively short course of hPTH (1-34).

This issue was assessed in a 3-year randomized
controlled trial in women with postmenopausal osteo-
porosis receiving HRT.35,61 A total of 34 women with
T-scores of less than −2.5 or atraumatic fractures were
first treated with standard HRT for at least 24 months.
Then, the patients were randomized to receive either
hPTH (1-34) 25 μg subcutaneously and HRT daily or
HRT alone for 3 years. No placebo injections were
used. In the hPTH (1-34) group, lumbar spine bone
mass increased continuously throughout the study
period, improving by 13% over baseline values after
3 years, compared with a nonsignificant decrease in
lumbar spine mass in the HRT-only group at the same
timepoint. Total hip and total body bone mass
increased significantly, by 2.7% and 7.8%, respectively,
in the hPTH (1-34) group, versus no significant
change in the control group. Vertebral fractures (as
measured by either a 15% or 20% reduction in verte-
bral height) declined significantly in the combined
treatment group. Osteocalcin, a marker of bone for-
mation, increased significantly during the first month
of therapy, peaked at 6 months, and then gradually
returned to baseline levels at 3 years. Urinary
N-telopeptide, a marker of bone resorption, increased
more slowly to a peak at 6 months, followed by a grad-
ual decline to baseline levels. These changes in the levels
of biochemical markers suggest an uncoupling of bone
formation and resorption, allowing for a rapid increase
in bone formation, with a more gradual but ultimately
equal increase in bone resorption. Importantly, bone
mass was at least conserved at all skeletal sites in the
hPTH (1-34) HRT group, and no significant decline in
cortical bone was observed. The authors concluded that
the combination of hPTH (1-34) and HRT significantly
increased bone mass in the spine, decreased vertebral
fracture rates, and was not detrimental to cortical
bone.35,61

Iliac crest bone biopsies in HRT-treated women with
osteoporosis before and after 3 years of hPTH (1-34)
therapy showed significant improvements in bone his-
tomorphometric indices.35,62 Cancellous bone area was
maintained in all subjects. Cortical width and thick-
ness significantly increased in women on HRT and
hPTH (1-34), and there was no increase in cortical
porosity. Micro-CT analysis revealed an increase in
trabecular connectivity density. These findings in part
help explain the unique improvements in both quan-
tity and quality of bone after hPTH (1-34) therapy.34,35

An additional analysis of the longer term data on
the combination of HRT and hPTH (1-34) was
done.35,63 After 3 years of hPTH (1-34) 40 μg/d and
HRT, bone mass increased by about 13% in the lum-
bar spine, 4% in the total hip, and about 4% in the
total body, compared with nonsignificant increases
in the HRT-only group at each skeletal site. The
number of women experiencing a vertebral fracture
decreased from 37.5% to 8.3% (based on 15% verte-
bral height reduction criteria; 12 fractures versus 2)
and from 25% to 0% (using 20% height reduction;
7 versus 0). Notably, all patients were continued on
HRT and followed for an additional 12 months after
hPTH therapy was stopped. After this observation
period, bone mass decreased very slightly in a non-
significant manner at all body sites, but still
remained significantly greater than baseline levels.
Again, there was no evidence of a catabolic effect on
cortical bone, and an important new finding suggest-
ing that HRT could preserve the increased bone mass
caused by short-term hPTH therapy. Changes in
bone turnover markers were similar to those previ-
ously described.35,61,63

Also, a 2-year randomized, double-blinded, placebo-
controlled trial of the efficacy of daily subcutaneous
hPTH (1-34) plus HRT was performed.64 Postmeno-
pausal women with osteoporosis diagnosed by DXA
(T-score at the lumbar spine or femoral neck of < −2.5)
who were receiving 1500 mg of calcium and 800 IU
of vitamin D daily were treated for 2 years with
hPTH (1-34) and HRT, or placebo and HRT. BMD as
measured by DXA increased steadily in the lumbar
spine and peaked at 29.2% above baseline levels at
24 months in the hPTH group. Significant, but less
striking, improvements were observed in the femoral
neck. Lumbar spine trabecular density measured by
QCT demonstrated a dramatic 74% increase above
baseline, compared with a 2.1% decrease in the placebo
group.35,64

Recently, a 12-month randomized, double-blinded,
placebo-controlled trial evaluated the efficacy of daily
subcutaneous rhPTH (1-34) plus raloxifene versus
placebo PTH plus raloxifene.65 Postmenopausal
women with osteoporosis diagnosed by DXA ( T-score
of either the lumbar spine or femoral neck of < −2.5)
who also received calcium (1000 mg/d) and vitamin D
(800 IU/d) were treated for 1 year with either rhPTH
(1-34) and raloxifene (60 mg/d) or placebo and ralox-
ifene (60 mg/d). BMD as measured by DXA increased
in the lumbar spine by 5.2% in the PTH plus raloxifene
group compared with 6.2% in the placebo plus
raloxfene group. Total hip BMD increased 2.3% in the
PTH plus raloxifene group compared with 0.7% in the
PTH plus placebo group (P < .04). Interestingly, CTX,
a marker of bone resorption, was 50% lower in the
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PTH plus raloxifene group compared with the PTH
plus placebo group (P < .01).65

Combined hPTH/Bisphosphonate Therapy
in Postmenopausal Osteoporosis
A number of studies have now been performed to eval-
uate whether PTH in combination with a bisphospho-
nate could improve bone mass and bone strength.

A recent study, the parathyroid hormone and alen-
dronate (PATH) study illustrated the effectiveness of
rhPTH (1-84) at 100 μg/d alone or in combination
with bisphosphonate alendronate (10 mg/d) for treat-
ment of osteoporosis/osteopenia. Women with a
lumbar spine or femoral neck BMD T-score of less
than −2 were randomized into three groups receiving
10 mg/d alendronate and placebo injections, 10 mg/d
of alendronate and rhPTH (1-84) 100 μg/d injections,
or placebo alendronate and rhPTH (1-84) 100 μg/d
injections for 1 year.54,66 After 12 months of these
treatments, BMD at the lumbar spine increased in all
treatment groups, and there was no significant differ-
ence between the PTH alone and the combination
groups. However, the volumetric bone density of the
trabecular bone of the lumbar spine measured by
QCT was increased in all treatment groups, but the
PTH alone group had nearly twice as high a value as
the other groups, and this difference was statistically
significant. Compared with the other study groups,
those receiving rhPTH and alendronate showed sig-
nificantly greater improvements in BMD of the verte-
brae (+6% both PTH groups versus +4% alendronate
alone) but all hip BMD measurements and the distal
one-third radius BMD measurements found that
alendronate alone either increased BMD more at the
hip or prevented BMD loss at the radius more than
either rhPTH (1-34) treatment group by DXA meas-
urements. In addition, hip QCT increases were less-
ened with rhPTH (1-84) with alendronate or
alendronate alone.54,66 The changes in the biochemical
markers of bone turnover were highly correlated with
the BMD findings. Study subjects treated with rhPTH
(1-84) alone had rapid and sustained increases in
PINP and bone alkaline phosphatase and urine CTX,
and the increases in these markers were less in both
the rhPTH (1-84) group with alendronate and the
alendronate-only group. The significance of these
findings related to antifracture efficacy is not known.
Recently, a post hoc analysis was performed on the
PATH data and found significant heterogeneity of the
BMD and biochemical bone turnover marker
response to rhPTH (1-34) therapy, greater than in
alendronate-treated subjects. Seventeen percent of the
PTH-treated patients had no increase in cancellous
bone BMD measured by QCT, whereas 39% had a
greater than 30% increase in the measurement.

Importantly, all subjects evaluated were very compli-
ant with the study medications.67 Of note, 21% of the
subjects treated with alendronate only had no increase
in cancellous BMD. These data suggest that there is
heterogeneity in the response to bone-active agents.
Additional investigation is needed to determine what
factors identify patients who will maximally respond
to PTH. It may be that additional work in baseline
bone turnover markers will answer this question from
the PATH data.66, 67

SEQUENTIAL THERAPY: PARATHYROID
HORMONE FOLLOWED BY AN
ANTIRESORPTIVE AGENT

Probably the first study evaluating the sequential therapy
of PTH followed by a bisphosponate was reported by
Rittmaster and associates.35, 54, 68 In a sequential combi-
nation study, 66 postmenopausal women with osteo-
porosis were treated with daily subcutaneous
injections of 50, 75, or 100 μg rhPTH (1-84) or placebo
for 1 year, followed by 1 year of 10 mg alendronate a
day.68, 69 After 1 year of therapy, lumbar spine BMD
increased by 1.3% (P > .05) with placebo, com-
pared with 4.3% (P > .05), 6.9% (P < .001), and 9.3%
(P < .001) in the three rhPTH (1-84) dosage groups,
respectively. After 12 months of alendronate therapy,
lumbar spine BMD compared with baseline increased
by 7.1 ± 5.3%, 11.3 ± 5.7%, 13.4 ± 5.0% (P < .01), and
14.6 ± 7.9% (P < .001) in the placebo and 50, 75, and
100 μg rhPTH (1-84) groups, respectively. Femoral
neck BMD did not change significantly after rhPTH
(1-84) therapy but did increase after the course of
alendronate. Compared with placebo, whole-body
BMD decreased significantly in each rhPTH (1-84)
group, but after 12 months of alendronate, there was
no significant difference between the placebo group
and any rhPTH (1-84) group. These results sug-
gested that 75 and 100 μg of rhPTH (1-84) signifi-
cantly increased lumbar spine BMD, and that the
addition of alendronate protected and further aug-
mented lumbar spine BMD as well as reversing the
mild negative impact of rhPTH (1-84) on cortical
bone.35,68

Another study of sequential therapy was performed
by Lindsay and colleagues.70 These investigators evalu-
ated study subjects who had been enrolled in the phase
III rhPTH (1-34) trial that was discontinued approxi-
mately 21 months after it was initiated. This follow-up
study of 18 months found the absolute risk reduction
with PTH treatment was about 13% for both doses of
PTH. Although other osteoporosis medications were
used in 47% of the study subjects during the follow-up
period, the persistent fracture protection observed
during this 18-month follow-up study was attributed
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only to the previous PTH treatment. In fact, a post hoc
analysis found that previous PTH treatment was a sig-
nificant predictor of continued fracture reduction in
the follow-up period.70

In another sequential therapy study with a study
design similar to that of the study by Rittmaster and
associates, treatment with rhPTH (1-84) was given for
1 year followed by alendronate for 1 year.71 The origi-
nal PATH study protocol required study subjects to be
randomized for 1 year to rhPTH (1-84), rhPTH (1-84)
with alendronate (10 mg/dL) or placebo plus alen-
dronate (10 mg/dL) in a 2:1:1 randomization. After 1
year of therapy, subjects in the PTH only group were
then rerandomized to treatment with alendronate (10
mg/d) or placebo; the other study groups continued
alendronate. As was reported by Rittmaster and associ-
ates, subjects treated initially with rhPTH (1-34) who
were then treated with alendronate had a total increase
over 2 years of 12%, as compared with 4% in subjects
treated with PTH followed by placebo (a difference of
8% over 2 years) in lumbar spine BMD.71 Subjects who
were treated with placebo after the rhPTH (1-84) lost
about 2% bone mass and the two other study groups
maintained the BMD values from the first year of ther-
apy.71 These data again support the concept that PTH
increases bone mass but also bone remodeling space
and that a potent bisphosphonate, alendronate, pre-
vents additional remodeling space from opening up
while allowing the open space to fill in and fully miner-
alize. This sequential therapy with an anabolic agent
followed by a potent antiresorptive agent appears to
allow for optimization of the bone-forming effects of
rhPTH (1-84) after only 1 year of therapy.

Another sequential study reported only in abstract
form raises the question of what might be the optimal
duration of PTH therapy to maximize new bone
formation. Cosman and colleagues performed a study
that treated all postmenopausal women with osteo-
porosis (T-score of lumbar spine or femoral neck of
< −2.5) with alendronate (10 mg/d or 70 mg/wk) for
1 to 3 years and then randomized the study subjects to
hPTH (1-34) to receive placebo injection, hPTH
(1-34) daily for months 0 through 3, then months 6
through 9, and then months 12 through 15 or hPTH
(1-34) daily for 15 months. At the 15-month time-
point, the increase in lumbar spine BMD was similar in
the daily and sequential PTH groups (6.5% vs. 5.4%)
and no change was observed in the alendronate-only
group. Total hip BMD increased about 2% in all treat-
ment groups and the difference between the groups
was not significant. Interestingly, vertebral fracture
numbers were assessed and subjects treated either
daily or sequentially appeared to have a significantly
reduced incidence of fractures; however, the numbers
in each group were small.54,72

Another study evaluated sequential therapy in
postmenopausal women who had been treated for
3 years with either raloxifene (60 mg/d) or alendronate
(10 mg/d) with continued osteopenia were all discon-
tinued from their antiresorptive agents and started on
rhPTH (1-34) for 18 to 36 months.73 At 1 month after
rhPTH (1-34) started, both groups had significant
increases in most biochemical markers of bone
turnover, but those previously treated with raloxifene
had significantly greater increases that remained more
than 30% greater for 18 months. In addition, the BMD
increases in the lumbar spine in patients treated previ-
ously with raloxifene (10.2%) compared with those
treated previously with alendronate (4.1%) as well as in
the hip (1.8% vs. 0%). Although both groups of patients
responded to the rhPTH (1-34), the rate of increase was
greater in the prior raloxifene group compared with the
prior alendronate group. These results suggest that
some bone remodeling is important to a rapid PTH
anabolic response. Because this was a small study, addi-
tional studies will be needed to confirm or refute these
findings. Overall, it appears that the bone surface needs
to be able to remodel or, as mentioned earlier, release
bone matrix proteins that stimulate osteoblast matura-
tion to obtain a maximal and/or rapid response to PTH.

hPTH as Monotherapy for Men with
Osteopenia/Osteoporosis
The significant public health problem of osteoporosis
is not simply confined to estrogen-deficient women.
Elderly men frequently have decreased BMD, and it is
estimated that approximately 20% of all osteoporotic
fractures in the United States occur in men.35,74,75 As
the elderly population continues to increase, this per-
centage will increase. Worldwide figures suggest that
27% of all hip fractures occur in men.35,74,75 Similarly,
vertebral fractures are also found with greater fre-
quency in older men, with a 1996 European
Osteoporosis Study reporting that the prevalence of
vertebral deformity in elderly European white men was
approximately 30%.35,76 The association of both hip
and vertebral fractures with pain, decreased mobility,
and loss of independence in both men and women is
well recognized and represents a massive and costly
public health challenge.35

Osteoporosis in men is most often due to such con-
ditions as alcohol abuse, glucocorticoid excess, hypo-
gonadism, malabsorption, and hyperthyroidism.
Although treatment of any underlying disorder is the
most appropriate medical intervention, in many cases
no distinct cause can be identified. Antiresorptive ther-
apy with a bisphosphonate has proved beneficial in
men with idiopathic osteoporosis,35,76 but few studies
have evaluated the efficacy of hPTH in male osteo-
porosis (Table 19-1).
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Two early uncontrolled studies in idiopathic male
osteoporosis demonstrated an increase in BMD after
low-dose intermittent injections of hPTH (1-34).35,76,77

In the first study, 21 osteoporotic men were treated
with hPTH (1-34) for 6 to 24 months, resulting in a
mean increase in iliac trabecular bone volume of 70%
above baseline values. The second study, which
assessed the impact of 12 months of daily hPTH (1-34)
and 1,25(OH)2-vitamin D therapy in middle-aged men
with osteoporosis, found that trabecular BMD assessed
by QCT in the spine was significantly increased.35,77

The findings of these small initial studies have been
confirmed by more recent randomized, double-blind,
placebo-controlled clinical trials. One such study
assessed the impact of 18 months of daily injections of
400 IU of hPTH (1-34) in young and middle-aged men
(mean age: 50 ± 1.9 years) with idiopathic osteoporo-
sis.35,79 Seventy-eight percent of the patients had a frac-
ture at baseline, and all had a Z-score of less than −2.0 or
a T-score of less than −2.5 at the lumbar spine or
femoral neck. After 12 to 15 months of initial observa-
tion, during which all patients were encouraged to take
1500 mg of calcium and 400 IU of vitamin D daily,
patients were randomized into either the placebo or
hPTH (1-34) group. The active treatment resulted in a
linear increase in lumbar spine BMD as measured by
DXA of about 5% compared with controls at 6 months;
about 9.5% at 12 months; and about 13.5% at 18
months. There was a smaller but significant increase in
BMD at the femoral neck (about 3% at 18 months com-
pared with controls), and no change in total hip density.
Cortical bone density at the distal radius declined
slightly in the treatment group (about 1%), but this dif-
ference from baseline values within this group was not
statistically significant. However, the difference between
the groups at 18 months was significant (< +0.5% con-
trol group vs. −1% decrease in PTH group, respec-
tively). Adverse events associated with hPTH (1-34)
were few and mild, with minimal hypercalcemia in two
patients that responded to hPTH (1-34) dose reduction,
and slightly higher rates of injection-site irritation.78

Interestingly, in the PTH-treated group of subjects, after
the PTH treatment ended they were then started on bis-
phosphonate therapy and after a 24-month follow-up
period increases in lumbar spine BMD increased to
more than 20% above the baseline value.79

Very recently, a large multicenter, international,
randomized, double-blind, placebo-controlled study
of the effects of daily rhPTH (1-34) injections in men
with a Z-score of less than −2.0 randomized 437
patients (mean age, 59 years) to placebo, rhPTH (1-34)
20 μg daily, or rhPTH (1-34) 40 μg daily.35,80 Nearly all
patients were white, all received supplemental calcium
and vitamin D, and all had similar baseline BMD val-
ues. The median treatment duration was 11 months.

The study was terminated early following the previ-
ously discussed study finding of osteosarcoma in 344
Fischer rats exposed to chronic rhPTH (1-34) injec-
tions. rhPTH (1-34) treatment resulted in a dose-
dependent increase in BMD at the lumbar spine and
femoral neck. Whole-body BMD increased signifi-
cantly in both treatment groups, and there was no
change in BMD in the radius. The improvement in
BMD occurred regardless of gonadal status. Dose-
dependent increases in markers of bone formation and
resorption were also observed. Both dosages of the
active drug were well tolerated, with similar incidences
of mild side effects in the placebo and 20 μg rhPTH
(1-34) groups, and slightly higher rates of nausea in
those receiving 40 μg.35,54,80

The possibility that combining the anabolic agent
hPTH with an antiresorptive bisphosphonate may lead
to even greater improvements in BMD was addressed
in a 30-month study. Men aged 46 to 85 with idio-
pathic osteoporosis were all initially treated with alen-
dronate for a period of time then randomized to either
randomly assigned to receive alendronate 10 mg daily,
hPTH 40 μg daily, or both in combination.35,82 Results
at 30 months were a mean increase of lumbar spine
BMD of approximately 7%, 13%, and 14% in the alen-
dronate, hPTH, and combination groups, respec-
tively. Total hip BMD increased by 4%, 5%, and 6% in
all three treatment groups, respectively. Total body
BMD was significantly greater in the combination
group compared with either the hPTH- or alen-
dronate-alone groups, and there was a trend toward
improved BMD in the radial shaft and total hip in the
combined-treatment group compared with either
monotherapy. These data suggest that the combina-
tion of hPTH with a bisphosphonate is superior to
hPTH alone in improving total body, and to a lesser
extent total hip and radial shaft, BMD. However, these
data suggest that combining the antiresorptive alen-
dronate and hPTH therapy may lead to a blunting of
the maximum anabolic effect of hPTH on the lumbar
spine. Larger studies of longer duration with fracture
incidence rates will be needed to further elucidate
these initial observations.35,54,81

hPTH in Glucocorticoid-Induced
Osteoporosis
Lane and associates reported that hPTH reversed glu-
cocorticoid-induced osteoporosis in a year-long, ran-
domized, controlled study.35,83 Postmenopausal women
with osteoporosis receiving HRT and at least 5 mg of
prednisone daily for the past 12 months were random-
ized to 1 year of combined therapy with hPTH (1-34)
and HRT, or HRT alone. Lumbar spine BMD com-
pared with baseline increased by 35.2 ± 5.5% as meas-
ured by QCT, and 11.1 ± 1.4% as measured by DXA in
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the combination treatment group. No significant
change was observed in the HRT-only group. BMD of
the hip and forearm did not significantly change in any
group. Concentrations of serum osteocalcin and bone-
specific alkaline phosphatase increased more rapidly
than urinary excretion of deoxypyridinoline cross-
links, suggesting an uncoupling between bone forma-
tion and resorption that favored bone formation.35,82

Questions that Arise about Parathyroid
Hormone for the Treatment of
Osteoporosis
In the past 5 years, it has been convincingly found that
monotherapy with rhPTH (1-34) and rhPTH (1-84)
increases bone mass, especially in the lumbar spine,
increases bone size by increasing cortical thickness,
and improves bone strength as evidenced by signifi-
cant antifracture efficacy. In addition, rhPTH (1-34)
also has been found to reduce nonvertebral fracture
risk. There appears to be no added advantage to using

PTH in combination with other antiresorptive agents,
and sequential therapy with a potent bisphosphonate
prior to PTH therapy may lessen or slow the bone mass
gain from PTH. However, PTH followed by potent
antiresorptive therapy appears to optimize the increase
in bone mass from PTH and maintain the bone mass
gained from PTH. A number of questions still remain
regarding PTH therapy for osteoporosis including the
optimal duration of PTH therapy to maximize
antifracture efficacy, the number of treatment cycles
that an individual patient can safety undergo, and if an
optimal bone turnover state is required to maximize
the PTH effect. Lastly, additional studies must be done
to be define how PTH increases bone mass through a
combination of increasing bone formation and bone
remodeling. Indeed, there are clearly some aspects of
bone remodeling and releasing bone growth factors
stored in the bone matrix that potentiate the PTH
effect. This is an exciting time in which we can grow
bone and improve bone size and bone strength.83
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Combination therapy for postmenopausal or glucocorti-
coid-induced osteoporosis incorporates the concepts of
two distinctly different pharmacotherapeutic principles:
(1) concomitant therapy, in which two osteoporosis-spe-
cific agents are used at the same time, and (2) sequential
therapy, in which one osteoporosis pharmacological
agent follows after the use and discontinuation of a dif-
ferent osteoporosis-specific pharmacological agent.

Although the concept of sequential therapy was most
recently enhanced by the availability of the anabolic
agent 1-34 parathyroid hormone (PTH) (teriparatide),
in which antiresorptive therapy is generally advised
after discontinuation of PTH,1,2 it is also important to
consider the data on sequential therapy situations
involving switching from one antiresorptive agent to
another antiresorptive agent. A frequent example is the
situation in which hormone replacement therapy
(HRT) is discontinued because of the US Food and
Drug Administration recommendations not to use
HRT to benefit skeletal health, after the publication of
the Women’s Health Initiative (WHI) findings.3

Hence, there is the potential of switching from HRT
to a different antiresorptive agent. This potential
sequence is important to examine, because anti-

resorptive agents differ in their effects on bone mineral
density (BMD), biochemical markers of bone turnover
(BTM), or the types of fracture risk reduction (verte-
bral versus nonvertebral).4-8

CONCOMITANT THERAPY

This chapter assumes that all patients on osteoporosis-
specific pharmacological therapies will also be provided
with adequate calcium and vitamin D. The adequacy of
vitamin D replacement has recently changed, with the
increasing published data showing the higher than
expected prevalence of vitamin D insufficiency in the
world’s population.9-12 Although most osteoporosis-
specific pharmacological clinical trials added calcium
and vitamin D to their “placebo” as well as their treat-
ment groups, the supplementation of these important
skeletal-strengthening elements is inconsistent in
dosages between different clinical trials. This latter point
will not be discussed as a potential factor influencing
outcomes of combination or sequential therapies in this
chapter. The reader is directed to separate issues on the
doses of calcium and vitamin D administered among
the different clinical trials to study the potential impact
that variable doses of vitamin D and/or calcium supple-
mentation may have on any of the differences in out-
comes among the clinical trial results.13,14

Finally, it is of utmost importance that readers realize
that in the following datasets of combination or sequen-
tial therapy, no fracture data are given. All results of
combination or sequential therapy are based on changes
in BMD or BTM, or both. These two surrogate markers
may provide indirect evidence of pharmacologically in-
duced improvements in bone strength, although there is
a great deal of debate and uncertainty surrounding the
exact relationship between changes in BMD or BTM that
are induced by pharmacological intervention and
changes in bone strength.5,15-24 Certainly, the relationship
between pharmacologically induced changes in BMD
and risk reduction is not linear, but some contribution to
improvements in bone strength as bone mineral is added

Combination Therapy 
for Osteoporosis: 
What Do the Data Show Us?
Paul D. Miller
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TREATMENT OF THE DISEASE

SUMMARY

Combination therapies, in which two osteoporosis-
specific agents are used at the same time, are based
on the observation that small increments in
endpoints such as bone density, additional to that
seen with either agent alone, are often observed
with the combination. However, the rationale for
combining agents with similar actions on bone
remodelling (e.g., inhibition of resorption), are
unclear and the effects of such combinations on
fracture endpoints are generally unproven. For this
reason combination therapies are generally not
advised. However sequential therapies, where one
agent follows another, especially after anabolic
therapy, have a stronger rationale.



is universally accepted (Figure 20-1).18 The recent US
Surgeon General’s report on the status of America’s bone
health has stated that “although the most important
study outcome is fracture risk reduction, changes in
BMD or markers of bone turnover can be used (in the
context of clinical studies) as supportive evidence of the
effectiveness of treatment.”15 Although it is generally
agreed that increasing BMD and/or reducing bone
turnover explain some of the changes in fracture risk,25,26

the relationship is neither linear nor proportional.
Hence, it must rest on the opinion of the individual
reader to interpret whether the pharmacologically
induced changes in BMD or BTM in the following
studies of combination or sequential therapy are reflec-
tive of changes in bone strength.

ANTIRESORPTIVE TO ANTIRESORPTIVE
THERAPY

Why would one even consider such a combination for
skeletal health benefits alone? If a physician is using
HRT or a selective estrogen receptor modulator
(SERM) for an indication other than bone strength
(e.g., menopausal symptoms or reduction of breast
cancer risk) and decides that there is a need for addi-
tional skeletal benefit, then adding an agent for bone
benefit may be reasonable. The basis of such a decision
could be (1) no change or even loss of BMD with
monotherapy, (2) continual fracture development with
monotherapy, or (3) a persistently very low T-score in
a high-risk patient. Defining “non-response” to justify
such a consideration is difficult, because a stable BMD
on monotherapy may be an acceptable endpoint,27 and

no treatment can abolish fracture risk. Nevertheless, it
is often intuitive in patient management that if a frac-
ture occurs while the patient is on monotherapy with
no secondary cause discovered, a combination thera-
peutic approach might provide additional benefit.

Early observations of the effects of adding a bisphos-
phonate to HRT were made in patients previously
receiving HRT and suggested that the addition of alen-
dronate provided a greater gain in BMD than continua-
tion of HRT alone.28 Subsequent clinical trials examined
the effect of HRT alone versus HRT plus a bisphospho-
nate on surrogate endpoints in treatment-naive
patients. In these clinical trials, both alendronate and
risedronate combined with HRT induced greater
increases in BMD and reduction of BTM than either
agent alone (Figures 20-2 and 20-3).29-31 Likewise, in
previously treatment-naive patients, the combination of
raloxifene and alendronate increased BMD and reduced
BTM to a greater extent than either agent alone (Figure
20-4).32 As previously stated, without fracture data it is
impossible to know whether these greater improve-
ments in BMD and reduction in BTM with combina-
tion therapy translate into any greater differences in
bone strength. Of equal theoretical concern is whether
combining two antiresorptive agents simultaneously
could lead to a reduction in bone strength. This hypoth-
esis is based on the observations that a certain amount
of bone turnover is necessary to repair the daily micro-
damage in bone that occurs with normal activity33,34 and
on the observations in nonhuman subjects that high
doses of bisphosphonates35,36 may mitigate this repair
process. Additional experimental data suggest that
excessive suppression of bone turnover may result in
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“hypermineralization” of bone, which may lead to bone
brittleness.37-42 Yet, none of these hypothetical concerns
has any good scientific evidence supporting any safety
issue in human beings.43-45 The recent anecdotal case
reports of increased bone fragility and histomorphome-
tric evidence of very low bone turnover reported in nine
patients taking alendronate (three of whom were also
receiving HRT and two of whom were also taking glu-

cocorticoids) is a small observational study with no con-
trol group.46 More recent careful histomorphometric
data in patients in the FLEX trial (Fosamax Long-Term
Extension) show double tetracycline labels in all biopsy
samples; that is, no “frozen-bone.”47 Nevertheless, we
must have a level of watchfulness and seek better long-
term scientific data to see if there is any potential for bis-
phosphonates to induce bone fragility.48,49
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The ultimate decision about adding a second agent
to an existing osteoporotic-specific pharmacological
agent is a purely clinical one. It is often based on a sit-
uation in which one agent (such as HRT or raloxifene)
is being used for nonskeletal benefits and the patient is
discovered to have a low hip BMD, where the bisphos-
phonates or teriparatide [recombinant human PTH
(1-34)] have the best evidence of nonvertebral and hip
fracture reduction benefits.50-54 When the physician
adds a second agent for its skeletal benefit, it is usually
done to achieve a greater increase in BMD or reduction
in BTM than had been achieved with the single agent
alone, and the physician should do it with the knowl-
edge that there is no evidence of a greater benefit in
fracture risk reduction. Nevertheless, in the real world
of clinical practice, individual patient management,
including patient compliance and trust issues, might
be facilitated by feedback to the patient that a “better”
effect has been achieved with combination therapy.

What about the issue of the many women worldwide
who discontinue HRT as a result of the WHI findings
and now have concerns about their skeletal health? This
is a very common scenario since the July 9, 2002 publi-
cation of the WHI findings.3 One approach to this issue,
assuming that the patient has a skeletal risk, either
defined by low BMD (T-score −2.0 or lower or −1.5 or
lower with other significant skeletal risk factors) or prior
fracture is to begin administering raloxifene if the patient
is at increased risk for vertebral fracture and a bisphos-
phonate if the patient has an increased risk for nonverte-
bral or hip fracture. There is evidence that women who
discontinue HRT may have a greater risk for either frac-
ture or microarchitectural deterioration of bone early
after discontinuation (Figure 20-5).55-58 Therefore, sub-
stituting, in sequence, an alternate osteoporosis-specific
pharmacological agent makes clinical sense.

ANABOLICS AND ANTIRESORPTIVES

Because of the fundamental coupling of bone remod-
eling in normal human bone biology, it has been con-
ceived that if one could “uncouple” bone resorption of
bone formation (or vice versa), one could achieve even
greater increases in BMD, and, by inference, bone
strength, than if coupling continues as it does in either
normal bone biology or whenever we try to modulate

A
n

ab
o

lics an
d

 A
n

tireso
rp

tives

195

Representative 3-D micro-CT images of paired iliac crest biopsy
samples from placebo-treated patients

2-year clinical study in 111 early postmenopausal women (6 to 60 months) with
normal lumbar spine BMD. Twelve paired (baseline and 1 year) biopsies were
obtained from placebo-treated women.
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Figure 20-4. Early micoarchitectural deterioration after discontinuing hormonal therapy in postmenopausal women: paired three-
dimensional quantitative computed tomography bone biopsy study.
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a bone cell line. For example, whenever osteoclast activ-
ity is increased, ultimately osteoblastic activity will also
increase. Likewise, whenever we inhibit osteoclastic activ-
ity ( as we do with antiresorptive agents), we ultimately
reduce osteoblastic activity. Hence, with antiresorptive
agent administration, we see a reduction in BTM of
bone resorption first, then a later, delayed reduction in
BTM of bone formation, until a new steady-state
of lower bone turnover is achieved. If one could
“uncouple” this normal process, the goal of increasing
bone formation without a concomitant increase in
bone resorption might be achievable. Even when one
stimulates bone formation (e.g., with intermittent
parathyroid hormone) and one initially sees an
increase in BTM of bone formation, there will be a
delayed, albeit predictable, increase in the BTM of
bone resorption. Hence, intuitively, it would be possi-
ble to “uncouple” this bone biological process if one
could give an anabolic agent in some combination or
sequence with an inhibitor of bone resorption.

A few earlier studies examined the effect of adminis-
tering the anabolic agent PTH to women previously
receiving HRT for either postmenopausal osteoporosis
or glucocorticoid-induced osteoporosis.59,60 In these
studies, PTH was added to HRT. The slope of the gain
in BMD seen with combination therapy was greater
than in the group who continued only monotherapy
with HRT, and this BMD rise was similar to the rise in
BMD induced by PTH alone in PTH-only clinical tri-
als, suggesting that there may be no mitigation of the
PTH effect by prior exposure to HRT. However, there
was no PTH-only arm in these early combination stud-
ies, so it cannot be known for certain if there may have
been some mitigation of the PTH response. The only
valid conclusion that can be made is that the addition
of PTH to patients previously receiving HRT for post-
menopausal osteoporosis or glucocorticoid-induced
osteoporosis induces an additional gain in BMD as
compared with the maintenance of BMD in the groups
that only continued HRT alone.

In an observational-type clinical study design,
Ettinger and associates examined the effect of sequen-
tial therapy with PTH in a small group of self-selected
postmenopausal women who had been taking either
alendronate or raloxifene for 18 to 36 months.61 Those
patients who agreed to be taken off their antiresorptive
agent and given PTH were then followed for 2 addi-
tional years. The patients who had previously been
taking raloxifene increased their BMD and bone for-
mation markers to a greater extent than those patients
who had previously been taking alendronate. The
implication is that prior raloxifene exposure has a less
“blunting of PTH effect” than prior alendronate expo-
sure. During the second year of this study, however,
the slope of the rise in axial BMD induced by PTH in

previously treated raloxifene as well as alendronate
patients was the same. Thus, any potential mitigation
of the PTH response with alendronate seemed to wane
over time. However, just as in the previously men-
tioned HRT/PTH studies, there was no PTH-only arm
in the Ettinger study either, so it can only be speculated
that there may have been potential mitigation of PTH
effect by prior exposure to antiresorptive agents.

Two recently published companion papers in The
New England Journal of Medicine examined the effect
of PTH monotherapy compared with alendronate
monotherapy versus combination therapy using
PTH plus alendronate.62,63 The PaTH (parathyroid
hormone alendronate treatment) clinical trial examined
these combinations in treatment-naive postmenopausal
women. The bone formation marker (or to be more cor-
rect, the marker of osteoblast activity) PINP increased
significantly more with PTH alone and was mitigated in
its response with combination therapy (Figure 20-6). In
the same manner, axial BMD as measured by dual x-ray
absorptiometry (DXA) increased equally with combina-
tion therapy as with monotherapy, whereas axial BMD
measured by quantitative computed tomography (QCT)
increased more with PTH monotherapy than with com-
bination therapy or with alendronate monotherapy
(Figure 20-7). The real clinical meaning of the QCT
changes are unknown, because there are no fracture risk
reduction data as a function of QCT changes. On the
other hand, in the PaTH trial, the total hip BMD by
DXA increased significantly more with combination
therapy than with monotherapy with PTH or alen-
dronate (Figure 20-8). In the male study,63 patients
previously treated for 6 months with alendronate had
PTH added and this combination group of previously
short-term alendronate therapy group was compared
with two monotherapy groups of PTH or alendronate
alone. As in the PaTH study, the axial BMD measured by
DXA and QCT increased significantly more in the PTH
monotherapy group than in the combination group and
the total serum alkaline phosphatase (an index of
osteoblast activity) also increased significantly more
in the combination group. However, just as in the PaTH
trial, there were also some results that seemed to favor
combination therapy: the total body BMD by DXA
increased significantly more in the combination group
than in either monotherapy group. The general opinion
from the results of these two clinical trials is that combi-
nation therapy has no advantages over PTH monother-
apy and it is possible that alendronate exposure
(short-term or concurrent) may mitigate the anabolic
effect of PTH (vis-a-vis the formation marker data).
Neither study provided any fracture data or quantitative
bone histomorphometry data. 

What is the basis of the hypothesis that combination
therapy with PTH-bisphosphonates may not be desir-
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able?64 The prevailing opinion is that antiresorptive
agents, especially bisphosphonates, reduce the remod-
eling space and in turn the measurable osteoblast pool,
making fewer osteoblasts available for PTH to activate.
Thus, in the presence of bisphosphonates, the anabolic
effect of PTH will be mitigated to the extent that the
available osteoblast pool is reduced. However, PTH
also activates resting preosteoblasts just outside the
bone remodeling unit as well as bone marrow–derived
and circulating preosteoblasts, cells that are not known
to be affected by prior bisphosphonate exposure.66,67

Hence, it is a theoretical possibility that PTH could
activate these preosteoblasts that are unaffected by

prior bisphosphonate exposure to become plump
bone-forming osteoblasts and be followed by a poten-
tiation of the PTH response, because osteoclast activity
would be inhibited by the bisphosphonate presence.
This hypothesis needs scientific validation but is plau-
sible from a bone biological point of view. There could
be differences in the PTH response as a function of the
prior duration of bisphosphonate exposure or the type
of bisphosphonate used. Potentiation of the PTH
response in the presence of an antiresorptive agent has,
in fact, been shown. In a very recent study examining
the effect of PTH alone or PTH combined with ralox-
ifene in treatment-naive postmenopausal women,
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treated with parathyroid hormone or alendronate alone versus combination therapy with parathyroid hormone and alendronate.
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there was a significantly greater increase in total hip
BMD by DXA in the combination group as compared
with monotherapy with PTH alone.67 In addition, in
rats given the anti-osteoclastic agent osteoprotogerin
(OPG) alone or PTH alone or combination OPG-
PTH, a much larger increase in axial BMD was found
with combination therapy than with either mono-
therapy.68 Hence, it may be premature to conclude that
antiresorptive therapy and PTH combined are an
unfavorable combination, and there certainly is a need
for far more data surrounding these interactions
before we have more definitive answers. Although the
prevailing opinion currently is that combination ther-
apy with an antiresorptive agent and PTH may not
have any advantages for improving skeletal strength as
opposed to monotherapy, this conclusion is based on
very limited clinical trial data. Nevertheless, until we
have better data examining these PTH-combination
issues, the standard of care would suggest not using
combination PTH-antiresorptive therapies.

There are two scenarios that do have far more con-
sensus than the concomitant use issue just discussed:
one is that in high-risk patients it may be favorable to
use PTH first, followed by an antiresorptive; the other
is that, after discontinuing PTH, it is important to add
an antiresorptive agent to maintain the improvements
in BMD (especially axial) that have been attained with
PTH use.1,2 The first scenario is based on the concept
that if prior exposure to bone of an antiresorptive
agent might mitigate a PTH effect, it might be more
favorable to stimulate new bone formation with PTH
without any potential encumbrance by an antiresorp-
tive agent and then follow with an antiresorptive
agent. In addition, with the “black-box” warning that

limits the use of PTH to 18 to 24 months, clinicians
have a limited window of opportunity to use PTH and
would want to maximize the effect within this window
of use. The second scenario has better data to support
it: in all follow-up studies examining BMD after PTH
discontinuation, axial BMD declines unless an anti-
resorptive agent is utilized,69,70 and in the post-PTH
studies, the BMD actually increased with the addition
of a bisphosphonate following PTH.71,72 Thus, at the
current time, there is general agreement that an
antiresorptive agent should be started after discontin-
uation of PTH.1,2

STRONTIUM RANELATE: A COMBINATION
ALL IN ONE?

Strontium ranelate (Protelos) was recently registered
in Europe for the treatment of postmenopausal osteo-
porosis and indicated to reduce incident vertebral,
nonvertebral, and hip fractures.73,74 The mechanism or
mechanisms of action whereby strontium ranelate
improves bone strength are putative at the current
time but may be due to a dual effect, one that is both
anabolic and anti-catabolic. In mouse and rat models,
strontium ranelate stimulates preosteoblast replication
as well as collagen synthesis and decreases osteoclastic
activity and bone resorption.75,76 In the pivotal phase
III clinical trial of 2 g/day of strontium ranelate, post-
menopausal women with either prevalent vertebral or
nonvertebral fractures experienced a significant reduc-
tion in incident vertebral, nonvertebral, and hip frac-
tures, the latter analysis being post hoc (Figures 20-9
and 20-10). There was an impressive increase in axial
BMD (mean, +14%) as well as femoral neck BMD
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(mean, +8%) in the studied population, although
approximately 50% of the BMD changes are due to the
effect of the heavy metal, strontium, to block the pho-
tons.77 There was a simultaneous increase in bone for-
mation markers (BSAP) and decrease in resorption
markers (CTX) with this dose of strontium ranelate.
Hence, this very interesting compound may be a
“combination” all in one and one that seems to uncou-
ple bone coupling in the correct direction, anabolic as
well as anti-catabolic.

CONCLUSIONS

Combination therapy for a single clinical benefit—
improving skeletal strength—may have appeal from
the greater BMD gains consistently seen with the com-
bination of two antiresorptive agents, and, in a few
measured studies, with combinations of PTH and
antiresorptive agents; however, there are no fracture
data to show whether bone strength is better with com-
bination therapy than with monotherapy. In addition,
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there are some hypothetical concerns that the simulta-
neous administration of two antiresorptive agents
could lead to excessive suppression of bone turnover
and could impair microdamage repair to the point of
leading to more skeletal fragility. Although this latter
possibility remains unproven by good scientific data in
human beings given approved doses of antiresorptives
for the treatment of osteoporosis, there seems to be no
sound reason to take any potential risk without proved
benefit (better fracture risk reduction).

It seems far more reasonable to use sequential ther-
apies, going from one antiresorptive to another.
Obviously, the most common scenario for this is start-
ing a SERM, bisphosphonates, or calcitonin in women
who are discontinuing HRT but are still at increased
fracture risk. In addition, going from a SERM to a bis-
phosphonate or calcitonin is also not an uncommon
sequence when women have SERM-induced side-
effects or have a newly discovered risk for nonvertebral
fractures, in which situation the bisphosphonates or
teriparatide have the only evidence for reducing the
risk of nonvertebral fracture.

With the introduction of the anabolic agent teri-
paratide [rhPTH (1-34)] came the general agreement
that an antiresorptive agent should be provided after
18 to 24 months of teriparatide to prevent the loss in
axial BMD that is seen after teriparatide discontinua-

tion. Based on very preliminary data, most physicians
would also discontinue the antiresorptive agent when
initiating teriparatide. As previously discussed, much
of this opinion is based on the blunting of the bone
formation markers in patients pretreated with alen-
dronate for a short time or simultaneous administra-
tion of alendronate and PTH, remembering that for
some skeletal sites, combination therapy was signifi-
cantly better than monotherapy. The area of combina-
tion therapy with PTH and an antiresorptive agent is
one where we need far more data before we have a level
of evidence that is strong enough to declare whether
there is a blunting or potentiating of the PTH effect,
whether there may be differences between the types of
bisphosphonates used with PTH, the prior duration of
exposure, and the potential for intermittent sequential
therapy (PTH-antiresorptive-PTH).

Combination therapies for osteoporosis are gener-
ally not advised.78-80 Until we have evidence for a
greater degree of fracture risk reduction with combi-
nation therapy as opposed to monotherapy, the poten-
tial risks and increased costs of using two drugs as
opposed to one drug make combination therapy not
advisable as a general recommendation. Certainly,
however, there may be special individual circum-
stances based on individual clinical judgment in which
combination therapy might be utilized.
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Because of their potent anti-inflammatory and immuno-
suppressive actions, glucocorticoids are commonly used
to treat a large variety of debilitating and potentially life-
threatening conditions such as arthritides, vasculitides,
allergic disorders, diseases of the liver and intestinal tract,
multiple myeloma, and graft rejection. This list is not
restrictive. However, the side effects of glucocorticoids
are as protean as their therapeutic indications (e.g., trun-
cal obesity, posterior subcapsular cataract, disturbances
of glucose and lipid metabolism, myopathy, cutaneous
atrophy, salt and fluid retention) and they usually prevent
the unconsidered usage of these drugs. This notwith-
standing, the most frequent and devastating complica-
tion of glucocorticoid therapy is the occurrence of a
brittle and osteoporotic bone, and many authors believe
that glucocorticoid-induced osteoporosis (GCIOP) is the
most common cause of “secondary” osteoporosis.

Prior and current exposure to glucocorticoids con-
fers an increased risk of fracture that is of substantial
importance beyond that explained by the measure-
ment of bone mineral density (BMD). In a meta-
analysis of data from seven cohort studies of
approximately 42,000 men and women,1 the relative
risk of any fracture ranged from 1.98 at the age of
50 years to 1.66 at the age of 85 years. For osteoporotic
fracture, the range of relative risk was 2.63 to 1.71, and
for hip fracture it was 4.42 to 2.48. Further, the fracture

risk was independent of prior fracture and was similar
in both men and women. It is also worth noting that, in
patients who were on current glucocorticoid treatment,
BMD was significantly reduced at the femoral neck, but
fracture risk was still only partly explained by BMD.

An increased fracture risk during oral glucocorticoid
therapy, with greater effects on the hip and spine than on
the forearm, has also been observed in another retrospec-
tive cohort study that comprised 244,235 oral glucocorti-
coid users and 244,235 control subjects who were
matched for age and gender.2 The relative rate of nonver-
tebral fracture during oral glucocorticoid treatment was
1.33 (95% CI, 1.29-1.38), that of hip fracture 1.61 (95%
CI, 1.47-1.76), that of forearm fracture 1.09 (95% CI,
1.01-1.17), and that of vertebral fracture 2.60 (95% CI,
2.31-2.92). Importantly, the study pointed out that the
fracture risk was dose dependent. With a standardized
daily dose of less than 2.5 mg prednisolone, hip fracture
risk was 0.99 (95% CI, 0.82-1.20) relative to control, ris-
ing to 1.77 (95% CI, 1.55-2.02) at daily doses of 2.5 to
7.5 mg, and 2.27 (95% CI, 1.94-2.66) at doses of 7.5 mg
or greater. For vertebral fracture, the relative rates were
1.55, (95% CI, 1.20-2.01), 2.59 (95% CI, 2.16-3.10), and
5.18 (95% CI, 4.25-6.31), respectively. Further, all frac-
ture risks declined toward baseline rapidly after cessation
of oral glucocorticoid treatment, a point worth stressing
and apparently peculiar to GCIOP.

Glucocorticoid-induced osteoporosis is not restricted
to adults. When compared with children taking nonsys-
temic corticosteroids (n = 345,748), children taking oral
corticosteroids (n = 37,562; age range, 4-17 y) exhibit
an adjusted odds ratio for fracture of 1.32 (95% CI,
1.03-1.69).3 Further, and as observed in adults, stopping
oral glucocorticoid therapy is associated with a rapid
decrease in the risk of fracture, which then becomes
similar to the risk observed in the control group.

The fact that, for a similar BMD, the bone is more
brittle in people with GCIOP than in people with post-
menopausal osteoporosis is worth stressing. The exact
mechanisms accounting for this important observation
are probably multifactorial. The role played by the
nature and severity of the underlying disease is not clear.

The Pathogenesis of Glucocorticoid-
Induced Bone Loss
Jean Pierre Devogelaer, Yves Boutsen, and Daniel Henri Manicourt

21
SECONDARY OSTEOPOROSIS AND OSTEOPOROSIS AND THE RHEUMATIC DISEASES

SUMMARY

Glucocorticoids induce a rapid dose dependent bone
loss and it is unclear whether any dose can be
considered safe. Glucocorticoid-induced bone loss is
faster and more marked in the first 6 to 12 months of
therapy, and trabecular bone is more affected than
cortical bone. Numerous mechanisms are involved in
the development of glucocorticoid-induced
osteoporosis, especially effects on bone formation.
However synergistic actions of glucocorticoids may
explain more why some patients seem to be
relatively protected and why others lose bone
rapidly leading to bone fragility and fracture.
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On the other hand, it is clear that the faster rate of bone
loss induced by glucocorticoids is more marked at the
highly metabolically active trabecular sites of the skele-
ton, and the fragility fractures affect mostly ribs and ver-
tebral bodies, than in the less metabolically active
cortical bone compartment such as at the upper extrem-
ity of the femur and in long bones, which are, nonethe-
less, not devoid of bone loss. It is also clear that the
severity of osteoporosis is related to the dose and dura-
tion of glucocorticoid therapy and that weaning from
glucocorticoids rapidly resets the fracture risk toward
that of normal control subjects, an observation that
might be related, at least in part, to the observation that,
in GCIOP, the decline in osteoblast activity is associated
with a gradual thinning of the trabecular plates, in con-
trast to the case of postmenopausal osteoporosis in
which overenthusiastic osteoclastic activity leads to per-
foration and, ultimately, resorption of the trabecula.

A schematic view of the clinical mechanisms poten-
tially involved in the development of GCIOP is shown
in Figure 21-1. The large variety of these mechanisms
might account for the rapid onset of bone complica-
tions. Although not exhaustive and maybe oversim-
plistic, this approach has the merit of delineating
therapeutic avenues to control one of the most devas-
tating effects of glucocorticoid therapy.

GLUCOCORTICOID FORMS AND ROUTES 
OF ADMINISTRATION

Cortisol is the principal naturally occurring plasma cor-
ticosteroid in humans. Modification of various sites on

the cortisol molecule has resulted in the development
of synthetic corticosteroids to enhance anti-inflamma-
tory activity, prolong half-life, and reduce sodium-
retaining potency (Table 21-1). Values of equivalent
doses given in the table are average values rather than
fixed face values, the individual responses being poten-
tially at small variance with these mean values.

The introduction of a 1,2 double bond in ring A (pred-
nisone and prednisolone) increases the anti-inflamma-
tory potency by an order of magnitude of 4 and yields
compounds that are metabolized more slowly than
cortisol. 6-α-Methylation (methylprednisolone) of the
B ring also increases the anti-inflammatory potency
but reduces the electrolyte-retaining properties. While 
9-α-fluorination enhances all biological activities, 
16-α-hydroxylation, 16-α-methylation, and 16-β-
methylation all eliminate the sodium-retaining effect.
Substitution at the 17-α-ester position produces a
group of extremely potent steroids, beclomethasone
dipropionate and budesonide, which are effective
when applied topically to skin or administered by inhala-
tion. Deflazacort, an oxazoline derivative of prednisone,
has been developed with the hope of reducing the
catabolic effects of glucocorticoids while maintaining
anti-inflammatory effects. Whether the anti-inflamma-
tory potency of 6 mg of this compound corresponds to
that of 5 mg of prednisone remains a matter of debate.

With the notable exception of the high-dose methyl-
prednisolone pulse therapy,4 unfortunately, most of
these synthetic analogues still exhibit a significant
effect on BMD and on biochemical markers of bone
metabolism, whether they are administered orally, by

Endogenous
or exogenous
glucocorticoids

RANKL
OPG ↓

Urinary calcium
excretion

Secondary
hyperparathyroidism

Bone resorption

Bone loss

Intestinal calcium
absorption ↓

Bone formation ↓

↓

↓

↓

↓

Apoptosis

Muscle strength ↓

Adrenal estrogens ↓
Androgens ↓
Testosterone ↓

Osteoblast recruitment ↓
Osteoblast activity ↓
Osteoblasts

Osteocytes

Figure 21-1. Schematic representation of various mechanisms leading individually or synergistically to glucocorticoid-induced
bone loss and osteoporosis.
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inhalation,5 or by topical application to the skin. It has
been hypothesized that the side effects of glucocorti-
coids are due to the transactivation of genes through
the binding of glucocorticoid receptor (GR) dimers to
DNA, whereas their anti-inflammatory effects result
from the binding of a single GR to transcription factors
or coactivators, resulting in transrepression of genes.6

However, although they exert strong transrepression
but little or no transactivation, the newly developed
glucocorticoids still induce osteoporosis.7

PATHOPHYSIOLOGY OF GLUCOCORTICOID-
INDUCED OSTEOPOROSIS

The pathophysiology of GCIOP is not yet fully under-
stood. The rate at which GCIOP develops is influenced
by a number of factors, namely the glucocorticoid dose
(the daily dose, the treatment duration, or the cumula-
tive dose).8 The age, gender, and menopausal status of
the patient, as well as the BMD prior to initiation of
glucocorticoid therapy, may also have roles to play. The
indication for glucocorticoid therapy may consist of
various systemic conditions, such as rheumatoid arthri-
tis, that might by themselves predispose patients to lose
BMD.9 The complexity of the interaction of these vari-
ous factors may explain why the pathophysiology of
GCIOP has not yet been definitely apprehended. The
isolated and/or synergistic action of the more or less
involved factors might also be central to the rapidity of
bone loss that is observed in glucocorticoid-treated
patients. The aim of the paper is to review the various
mechanisms leading to bone loss and bone fragility.

Age: Children and Adolescents
Glucocorticoid action on the skeleton of children is also
particularly complex. In children, glucocorticoids reduce
bone turnover, impair linear growth, and lower BMD.10-

12 They are toxic for the growth plate: they inhibit the

elongation of the skeleton and the creation of trabeculae
by complex mechanisms.13 Besides hampering the intes-
tinal absorption of calcium, glucocorticoids interfere
with the growth hormone (GH)–insulin growth factor-1
(IGF-1) axis at the hypothalamic, pituitary, and target
organ levels, affecting hormone release, receptor abun-
dance, and gene transcription. Glucocorticoids also exert
deleterious effects on the growth plate by inhibiting
chondrocyte proliferation, proteoglycan synthesis, and
mineralization. Further, these drugs increase the apopto-
sis of hypertrophic chondrocytes, enhance the activity of
osteoclasts, suppress the recruitment and function of
osteoblasts, and disrupt the normal control of vascular
invasion at the cartilage-bone interface. Fortunately, pre-
liminary studies indicate that the growth-suppressing
effect of glucocorticoids can be counterbalanced by daily
administration of recombinant GH at doses comparable
with those prescribed for treatment of GH deficiency
(0.3 mg/kg week).14 Further, responsiveness to GH seems
to be inversely related to the glucocorticoid dose but does
not depend on the type of glucocorticoid-dependent dis-
ease. However, the effects of GH therapy on body com-
position and metabolism in children receiving long-term
glucocorticoid therapy remain to be explored.

Several mechanisms may account for the decrease in
BMD observed in children treated with glucocorticoids.
First, as growth is impaired, the decrease in height might
account, at least in part, for the reduction in BMD.12

Second, glucocorticoids inhibit remodeling and model-
ing, which both accelerate again rapidly after tapering of
the glucocorticoid dose.15,16 Whereas remodeling—bone
resorption by osteoclasts followed by bone formation by
osteoblasts—does not lead to changes in bone shape but
maintains bone strength, modeling modifies the shape of
bone,11 promotes bone formation independently of the
sites of bone resorption, and leads to an increase in
BMD. On the other hand, the underlying condition
might have a significant impact,9,11 and one cannot

TABLE 21-1 AVAILABLE GLUCOCORTICOID PREPARATIONS

Respective Potencies
Preparation Anti-inflammatory Equivalence (mg)

With a biological half-life <12 hours
Hydrocortisone 1 20
Cortisone 0.8 25
With a biological half-life 12-36 hours
Prednisone (Δ-1-cortisone) 4 5
Prednisolone (Δ-1-cortisol) 4 5
6-α-Methylprednisolone 5 4
Triamcinolone (9- α-fluoro-16-α-hydroxyprednisolone) 5 4
Deflazacort 4 6
With a biological half-life >48 hours
Paramethasone (6-α-fluoro-16-α-methylprednisolone) 10 2
Betamethasone (9-α-fluoro-16-β-methylprednisolone) 25 0.60
Dexamethasone (9-α-fluoro-16-α-methylprednisolone) 30 0.75



exclude the possibility that low-dose glucocorticoids
have little effect on bone modeling in prepubertal chil-
dren but exert a strong effect in adolescents.17 Further, in
glucocorticoid-treated young patients, the link between
the final outcomes of growth and peak bone mass could
be dependent on the pubertal stage at which therapy
intervenes, just as for the relation between growth spurt
and BMD accrual in healthy adolescents.11,18

Orally administered glucocorticoids are likely to be
more harmful both to growth and to BMD than inhaled
glucocorticoids because the systemic doses are
higher.10,19 The skeleton undergoing growth and model-
ing seems to be more vulnerable than the mature skele-
ton to the osteoblast-inhibiting effects of long-term
exposure to glucocorticoids, with consequent long-term
deficits in cortical and trabecular bone masses.20,21

Moreover, the effects of glucocorticoids might differ in
cortical and in trabecular compartments in children just
as in adults, cortical bone being much less affected.20

The risk of permanent stunting of the height and BMD
could be reduced when glucocorticoid-treatment is
withdrawn before the pubertal growth spurt has started.
Serum bone formation markers are lowered in gluco-
corticoid-treated children, which is due to a direct sup-
pressive effect of glucocorticoids on osteoblasts.

Although the production of IGF-1 is not impaired, the
increased concentrations of IGF binding protein 3 might
inhibit IGF-1 bioactivity.22 The lack of specificity of bio-
chemical markers of bone remodeling does not permit a
distinction between modeling, remodeling, and distur-
bances due to the disease itself.23 Changes in the levels of
biochemical markers might also be dependent on the
manner (oral or inhaled) and period (prepubertal or
postpubertal) of administration of glucocorticoids.23 It is
therefore difficult to assess the net result of glucocorti-
coids on BMD, because, owing to the scarcity of norma-
tive data on BMD in children, we lack values
standardized for bone age, skeleton height and skeletal
area, lean body mass, and body mass index.11,20,24

Age: Adults
Saville and Kharmash had already found in 1967,
before more precise BMD measurements were avail-
able, a significantly increased incidence of osteoporosis
only in patients over the age of 50 years. With more
modern methods of evaluation, a greater loss of bone
has been observed in individuals older than 50 years of
age (males or postmenopausal females).25

Gender
At doses lower than or equivalent to 7.5 mg/day of pred-
nisolone, glucocorticoids do not induce significant
changes in the BMD of the forearm, lumbar spine, and
hip in premenopausal women, in contrast to men and
postmenopausal women who both are more sensitive to

GCIOP.26,27 At higher doses, however, glucocorticoids
have a devastating effect on BMD, irrespective of
menopausal status or gender.27 These differences in sen-
sitivity to glucocorticoid side effects might be, at least in
part, related to differences in the relative levels of both
androgens and glucocorticoids that these patients
exhibit during glucocorticoid therapy. Indeed, andro-
gen receptors and GRs not only mediate opposite effects
on cellular metabolism and proliferation, but their sig-
naling pathways are mutually inhibitory.28 Androgen
receptors and GRs, which display a high degree of
sequence homology and bind to a common DNA site,
inhibit each other’s transcriptional activities by forming
heterodimers.29 Therefore, when glucocorticoid levels
rise to predominate over androgen levels, heterodimer
formation will ensure that the anabolic effects mediated
by androgen receptor homodimers are curtailed at the
same time that glucocorticoid homodimers begin to
activate transcription of genes involved in catabolism.

Although glucocorticoids can inhibit the production
of testosterone by the testes both directly and indirectly
via the reduced secretion of gonadotropin-releasing
hormone, which also contributes to lower the serum
levels of estradiol,30 the serum levels of testosterone in
patients treated with glucocorticoids are reported to be
decreased in some study groups23 and unchanged in
others.31 Nevertheless, all studies point out that
decreased serum levels of estradiol, an observation in
close agreement with several reports suggesting that
estradiol rather than testosterone might be the gonadal
hormone active in bone that maintains a positive for-
mation/resorption balance.32 This hypothesis is sup-
ported by the observation that, in elderly men33 and in
men also treated with glucocorticoids,31 estradiol rather
than free or total testosterone is most correlated with
bone mass. Further, deficiency in aromatase, an enzyme
expressed in bone tissue and known to play a key role in
the conversion of both testosterone and adrenal andro-
gens into estradiol,34 has been associated with severe
osteoporosis that responds to estradiol treatment.35 On
the other hand, thus far, it is not known to what extent
glucocorticoids might regulate the aromatase activity in
bone as it has been reported in adipose tissue.36

In postmenopausal women, glucocorticoid-induced
depression of the hypothalamic-pituitary-gonadal axis
leads to a decrease in the serum levels of estradiol,
androstenedione, dehydroepiandrosterone sulfate, and
progesterone,37 which all are known to play a crucial
role in the maintenance of BMD.38,39

Doses of Glucocorticoids and Timing
As pointed out by in vitro studies, the time period dur-
ing which osteoblasts are exposed to physiological doses
of glucocorticoids may lead to marked changes in the
overall metabolism of these bone-forming cells. Thus,
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after short time periods, the differentiated function of
osteoblasts is maintained, whereas after long periods,
the very same glucocorticoid concentrations inhibit the
synthesis of both collagens (types I and III) and noncol-
lagenous proteins.40,41 This biphasic effect might
explain, at least in part, why low doses of glucocorticoids
are not completely devoid of adverse effect on BMD and
bone mechanical resistance, as stressed by longitudinal
studies demonstrating that even at so-called physiologi-
cal glucocorticoid doses (i.e., <10 mg of predniso(lo)ne
equivalent per day), a significant bone loss and even an
increase in fracture risk both can be observed, chiefly in
the trabecular compartment of the skeleton,26,42,43 which
exhibits a marked depression of the mineral apposition
rate44 as well as a marked thinning of trabecular width
when compared with the same site in gender- and age-
matched control subjects.44-47

These findings notwithstanding, the rationale for
using the lowest possible glucocorticoid doses stems
from histomorphometric data of transilial bone biopsies
showing that low glucocorticoid doses modestly
increase the trabecular resorption surface and preserve
the trabecular architecture.48,49 This is in sharp contrast
to the findings in specimens from postmenopausal
osteoporosis patients, which, for a similar loss of trabec-
ular bone volume, show a rapid decline in trabecular
number with an increased resorption leading to plate
perforations and to deterioration of trabecular archi-
tecture.46 At higher glucocorticoid doses, however—
that is, greater than 10 g prednisolone cumulative
dose—trabecular connectivity is no longer preserved.49

These histomorphometric findings strongly suggest
that the mechanism or mechanisms responsible for the

maintenance of bone microarchitecture might be quite
different in GCIOP than in postmenopausal osteoporo-
sis, at least after exposure to low glucocorticoid dose.49

The maintenance of a critical amount of trabecular bone
volume might be central to the persistence of the tra-
becular network along different glucocorticoid doses
during the course of therapy.48 Alternatively, the persist-
ence of the integrity of the trabecular architecture could
help to explain why bone biopsies performed in patients
with Cushing syndrome revealed, after adrenalectomy, a
rapidly resumed osteoblastic activity with extended
osteoid surfaces and normalized appositional rate
resulting in a positive bone tissue balance,44,50 leading
macroscopically to a dramatic increase in BMD after
adrenalectomy or hypophysectomy (Figure 21-2).50 The
same resumption of increase in BMD has been observed
after weaning from oral glucocorticoid therapy.42

GCIOP is to a certain extent reversible when exposure to
excessive exogenous or endogenous glucocorticoids
stops, thus accounting for a rapid reset to normal of the
fracture risk.3 When and under which conditions irre-
versibility sets in remain to be determined.

Alternate-day therapy has been added to the arma-
mentarium of glucocorticoid therapy to reduce the side
effects of glucocorticoids without impairing too much
their therapeutic efficacy. However, if growth was pre-
served in children, BMD was in fact not protected in
children or in adults.51,52 The explanation for the per-
sistent bone loss could lie in the prolonged depression
of adrenal androgen secretion not only during the day
on but also during the day off glucocorticoids.53 The
crucial role of adrenal androgens in BMD maintenance
has already been formerly underlined.38
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Figure 21-2. Rapid increase of lumbar BMD after surgical hypophysectomy in a male and a female patient suffering from Cushing
syndrome.



Pulsed intravenous high-dose glucocorticoids (up to
1 g methylprednisolone) do not seem to be deleterious
to BMD,2 probably because their metabolic action is
short lived. An alternative explanation for their benefi-
cial action with lack of BMD changes could be that
supersaturation or even downregulation of cytosolic
GRs could occur with this kind of rapid administra-
tion, with an imbalance between nongenomic and
genomic glucocorticoid effects.54,55 A fast reduction in
the intense activity of the inflammatory processes
could also be protective for BMD.

Bone loss is more marked during the first 6 months
after initiation of glucocorticoid therapy56 and from
then on tends to have a slower pace. This could be
partly due to the fact that higher doses are frequently
used to start therapy, with progressive tapering later on
when the patient’s state improves. However, this is far
from being the only explanation. Several authors have
observed a faster bone loss early in therapy with a sub-
sequent slowing down, even despite maintenance of
high steroid dosage,27 an observation that could be
consistent with the hypothesis that histochemical
changes and catabolic effects of glucocorticoids on
bone are more pronounced early in the course of treat-
ment.56 The dosage constitutes an important determi-
nant of bone loss. However, there is largely no real
scientific basis for the use of various doses of glucocor-
ticoids in the various indications. Therefore, the pre-
scribed glucocorticoid dosage in a given patient
suffering from a given disease should be empirically
maintained as low as possible, even if the exact thresh-
old dose necessary and sufficient to avoid detrimental
effects in a given individual has not yet been estab-
lished. This lack of rules of prescription could also be
due to the numerous factors unevenly involved in that
process, interfering with the expected positive effect
of GCs. Moreover, the variability in the clearance rates
of predniso(lo)ne and in the circulating half-lives of
steroids,57 the specificity in glucocorticoid receptor
haplotype,58 and the potential amplifier role of 11β-
hydroxysteroid dehydrogenase isoenzyme59 could
explain the paradoxic difference in individual severity
of glucocorticoid side effects, some patients developing
almost no after effects on large glucocorticoid doses,
whereas others have obvious side effects on much
smaller doses.

Osteoblast and Osteocyte Function
The histomorphometric features of GCIOP have been
well characterized.44-47 Although the prevalence of
resorption lacunae and osteoclasts is frequently
enhanced, an observation that might be related to the
promotion of osteoclast survival by glucocorticoids,60

the most impressive findings point to a major impair-
ment in bone formation: the number and longevity of

active osteoblasts as well as the mean wall thickness of
completed trabecular plates are markedly decreased.
Relevant to this decrease in bone formation are a
decrease in the bioactivity of skeletal growth factors
such as IGF-1 as well as the effects of glucocorticoids
on osteoblastogenesis. Indeed, glucocorticoids are
likely to inhibit the proliferation and/or the differenti-
ation of the stromal cell-osteoblast family at an early
stage and thereby to reduce not only the number
of matrix-secreting osteoblasts but also the number of
osteoblastic cells that support osteoclast develop-
ment.61 Further, glucocorticoids not only decrease the
formation of osteoblasts but also promote the apopto-
sis of osteoblasts. The decreases in the number and
activity of bone-forming cells are reflected by an early
and dramatic reduction in the serum levels of osteocal-
cin (OC) in human subjects taking glucocorticoids.62

Glucocorticoids also increase the prevalence of
apoptosis of osteocytes, the most abundant bone
cells.61,63,64 Because the network of osteocytes is
believed to participate in the detection of microdam-
age and in the transmission of signals that lead to its
repair by remodeling, disruption of this network by
apoptosis might lead to accumulation of microdamage
and increased bone fragility.65 On the other hand, as it
is a cumulative and unrepairable defect, glucocorti-
coid-induced osteocyte apoptosis might contribute to
the pathophysiology of avascular necrosis of bone, a
dramatic event that may occur late after glucocorticoid
administration has ceased.66

Role of Secondary Hyperparathyroidism
It is often believed that glucocorticoids act initially to
depress intestinal calcium absorption67 and increase
urinary calcium excretion,68 leading to compensatory
hypersecretion of parathyroid hormone (PTH).44,67-69

By activating the formation of new remodeling units,
PTH then increases bone turnover, but at the same
time the depressive effect of glucocorticoids on
osteoblasts directly uncouples remodeling so that bone
loss accelerates. Although this PTH-based model of
glucocorticoid-induced osteoporosis is attractive, suf-
ficient ambiguity remains that it is premature to con-
sider it validated at the present time. Indeed, although
it is clear that glucocorticoids depress intestinal cal-
cium absorption, the mechanisms remain controver-
sial: the induction of a resistance of intestinal cells to
1,25-dihydroxyvitamin D3 has been advocated,67

whereas other evidence indicates that glucocorticoids
directly inhibit calcium transport by mechanisms that
are independent of the vitamin D system.70 On the
other hand, studies exploring the effects of glucocorti-
coids on renal calcium handling are scarce and their
results conflicting.71 Further, and importantly, studies
conducted with recent PTH assays72 do not support
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the concept that the serum PTH levels are enhanced in
patients taking high doses of glucocorticoids.

Thus, it may prove useful to consider alternative mod-
els. It is indeed possible that glucocorticoids amplify the
response of bone to normal levels of PTH,73 a contention
strengthened by the observation that glucocorticoids
enhance the PTH-dependent cyclic adenosine
monophosphate production in bone cells.74 Another but
not exclusive possibility is that the calcium-sensing
receptor of parathyroid cells is altered by glucocorticoids.

Biological Parameters of Bone Remodeling
The discovery and characterization of essential
cytokines for osteoclast biology, that is, the receptor
activator of nuclear factor NF-κB ligand (RANK-L), its
receptor RANK, and its decoy receptor osteoprotegerin
(OPG) have improved our understanding of bone
metabolism in both healthy and disease states (Figure
21-3).75 Stromal cells, osteoblasts, and activated T lym-
phocytes all express RANK-L, also termed OPG-L, that
exists in a cell membrane–associated form and in a sol-
uble form, both of which stimulate osteoclastogenesis
and osteoclast action after binding to and activating
RANK, a high-affinity receptor located on osteoclast
precursors. The soluble cytokine receptor OPG, which
lacks a transmembrane-spanning domain, counteracts
the biological effects of RANK-L by competing for both
forms of RANK-L and preventing them from binding to
the RANK receptor on osteoclast precursors. Although
the production of OPG is stimulated by various hor-

mones (1,25-dihydroxyvitamin D, bone morphogenic
protein-2, estrogen) and cytokines (tumor necrosis fac-
tor-α and -β, interleukin-1α and -β), glucocorticoids
concurrently decrease OPG and increase RANK-L pro-
duction by human osteoblastic lineage cells.76 These
findings might provide a potential major mechanism for
glucocorticoid effects on bone resorption,61 a hypothesis
strengthened by the observation that glucocorticoid
administration results in a rapid (within 2 weeks) and
marked decrease in the circulating levels of OPG.77-79 In
contrast, in patients with Cushing syndrome, serum lev-
els of OPG are enhanced and correlate significantly with
the increased circulating levels of cortisol.80 The reasons
for these apparently conflicting results are not known. It
is possible that endogenous and exogenous glucocorti-
coids differ by some inherent properties. On the other
hand, unknown mechanisms might shift the low OPG
levels and the rapid rate of bone loss that are observed in
early glucocorticoid treatment27,80,81 to an increase in
OPG levels and to a reduction in the rate of bone loss,
which both are seen in long-standing cortisol excess.
Further studies pertaining to the OPG/RANKL/RANK
system in postmenopausal osteoporosis compared with
GCIOP are urgently needed.

Examples of changes in biochemical parameters of
bone remodeling in patients receiving glucocorticoids
are given in Table 21-2 and illustrated in Figure 21-4.82

No increase in serum C-telopeptide cross-links of type I
collagen, a parameter of bone resorption, was observed
immediately after the start of therapy or later on in a
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Figure 21-3. Glucocorticoid effects. Decreased release of OPG with increased RANKL/OPG ratio causes an increase in osteoclasts
and an increased number of sites undergoing remodeling. Decreased differentiation, function, and lifespan of osteoblasts result
in decreased bone formation. An increased number of apopotic osteocytes causes decreased bone strength. Aocy = apoptotic
osteocyte; OB = osteoblast; OBP = osteoblast precursor; OC = osteoclast; OCP = osteoclast precursor; ocy = osteocyte;
OPG = osteoprotegerin. (From Lukert BP: Glucocorticoid-induced osteoporosis. In: Favus MJ, ed: Primer on the Metabolic Bone
Diseases and Disorders of Mineral Metabolism, 5th ed., Washington, D.C.: ASBMR, 2003. With permission.)
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group of patients treated with high-dose prednisolone
(>10 mg/day).82 There was, however, a dramatic decrease
in the parameters of bone formation (total alkaline
phosphatase, bone-specific alkaline phosphatase, and
OC) during the first 6 months, but leveling off
was observed later on. The increase in the levels of 
C-telopeptide cross-links observed after 9 months might
be explained by an improvement in the underlying

rheumatic conditions.82 BMD decreased significantly in
the calcium group during the year of follow-up, without
any evident leveling off. The changes in biochemical
parameters of bone remodeling could be partly
explained by a progressive tapering of glucocorti-
coid daily doses (on average 15 mg/day at the start,
11 mg/day between 3 and 6 months, and 7.5 mg/day
thereafter). Another explanation could be the protective
intrinsic mechanism alluded to earlier.80,81

Glucocorticoid-Induced Myopathy
Glucocorticoid may provoke a decrease in muscle
strength.34 The myopathy could constitute in itself a
cause of bone loss. This mechanism cannot explain the
bone loss observed with low glucocorticoid doses, a
clinically significant myopathy being observed only
after administration of high glucocorticoid doses.

CONCLUSIONS

Although glucocorticoids induce a rapid bone loss that
is more marked with high doses than with low doses,
the bone loss occurs at all doses and hence no gluco-
corticoid dose can be considered safe. Further, the
bone loss is faster and more marked in the first 6
months of therapy than later on, and the trabecular
bone compartment is more exposed than the cortical
bone. Numerous mechanisms are involved in the
development of GCIOP. They act either separately or
synergistically. This synergy, more or less marked,
could help to explain why some patients seem to be
protected and why in others, the velocity of bone loss
leads rapidly to an enhanced bone fragility. The large
variety of presumed or demonstrated mechanisms
could also explain why so many various therapies have
been proposed to try to circumvent the most crippling
complication of glucocorticoids.
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Figure 21-4. Evolution of serum levels of bone-specific alkaline
phosphatase (B-ALP), osteocalcin (OC), and C-telopeptide cross-
links of type I collagen (CTx) in patients treated with
glucocorticoids and put on calcium supplements.
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Corticosteroids are widely used and effective for control
of many inflammatory diseases, but corticosteroid-
induced osteoporosis is a common problem associated
with long-term high-dose use. Prevention of cortico-
steroid-induced bone loss is preferable to treatment of
established corticosteroid-induced osteoporosis.

Cushing first described patients chronically treated
with corticosteroids as having truncal obesity, proxi-
mal muscle wasting, thinning of the skin, increased
skin fragility with ecchymoses, proximal muscle weak-
ness, fluid retention, hyperglycemia, and vertebral
compression fractures.1 The most disabling side effect
is osteoporotic fracture.2,3

PATHOPHYSIOLOGY OF CORTICOSTEROID-
INDUCED BONE LOSS

Corticosteroids are known to affect bone through mul-
tiple pathways, influencing both bone formation and
bone resorption.2,4,5

Corticosteroids have inhibitory effects on the
osteoblast and osteoblast precursors, with studies also
showing that corticosteroids can decrease messenger
RNA levels encoding for osteoblast products such
as osteocalcin.6 At the organ level, direct inhibitory
effects of corticosteroids on bone formation have
also been observed in histomorphometric studies.7,8

Corticosteroids also decrease intestinal absorption of cal-
cium9-11 and increase urinary phosphate and calcium loss
by direct effects on the kidney,12 which, together with
impaired calcium absorption, lead to secondary hyper-
parathyroidism12 and hence enhanced bone resorption.
The combination of enhanced activation frequency of
bone remodeling units due to secondary hyperparathy-
roidism, together with an inadequate amount of new
bone synthesis due to suppression of osteoblastic func-
tion, result in net bone loss with corticosteroid use.
Enhanced osteoctye apoptosis has also recently been
implicated as an important mechanism.13,14

The complex effects of corticosteroids on bone
metabolism are reflected in marked changes in bio-
chemical markers of bone turnover. Markers of bone
formation such as serum osteocalcin fall rapidly after
treatment with corticosteroids.15 The degree of sup-
pression of osteocalcin levels is related to cortico-
steroid dose.15 Increased bone resorption has been
demonstrated in histomorphometric studies,7 and
markers of bone resorption have been shown to rise
after acute corticosteroid administration.12 The histo-
morphometric picture that is characteristic of cortico-
steroid-treated patients is initially trabecular plate
thinning, which may be followed by perforation and
removal of entire trabecular plates.16

FRACTURES AND CORTICOSTEROID-
INDUCED OSTEOPOROSIS

Osteoporosis has been reported to occur in up to 50%
of persons who require long-term corticosteroid ther-
apy. Some studies have reported a four- to fivefold
increase in vertebral fracture prevalence in patients
treated with corticosteroids, when compared with
non-corticosteroid–treated patients.10,17,18 In a large
retrospective cohort study conducted in the
United Kingdom,3 subjects taking corticosteroids
(n = 244, 235) were matched with control patients
(n = 244, 235). The relative risk during oral cortico-
steroid therapy for vertebral fractures was 2.6, for hip
fracture 1.6, and for nonvertebral fracture 1.3. Fracture
risk increased with increasing daily doses of cortico-
steroids,3 and when corticosteroids were discontinued,
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SUMMARY

Corticosteroids affect bone through multiple effects
but especially inhibitory actions on bone formation.
Bone loss with corticosteroids is most rapid in the
first year after starting, but is also dose dependent
and influenced by the underlying disease.
Postmenopausal women receiving corticosteroids
are at the highest risk of rapid bone loss and should
be actively considered for intervention. The first
choice for prevention would be a potent oral
bisphosphonate such as alendronate or risedronate.
In patients intolerant of oral bisphosphonates,
intravenous bisphosphonates should be considered
or a vitamin D metabolite. Calcium and vitamin D
should always be considered as adjunctive therapy.
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the fracture risk appeared to return to baseline. A study
by Naganathan and coworkers19 has shown the greatest
risk of vertebral fracture is in older postmenopausal
women and age was a risk factor independent of bone
mineral density (BMD).

Fracture risk with corticosteroids is determined by
several factors, including

■ BMD, both its starting value before corticosteroid
therapy and the amount of subsequent cortico-
steroid associated loss; thus, bone loss from an
initially normal T-score in a premenopausal
woman creates a different fracture risk to bone
loss from a low T-score, for example, in a post-
menopausal woman (Figure 22-1)20,21

■ corticosteroid dose, as bone loss is dependent on
cumulative and daily dosage

■ duration of exposure, that is, a relatively short
course of corticosteroids will cause bone loss that
is largely reversible after stopping corticosteroids,
but a sustained reduction in BMD from chronic
steroid therapy increases the likelihood that a
fracture will occur eventually

■ the underlying disease for which corticosteroids
are prescribed, which may be independently
associated with increased fracture risk

Some studies have suggested that vertebral fractures
due to corticosteroids occur at higher BMD values
than observed in other types of osteoporosis. Van Staa
and associates22 reported higher fracture risks in post-
menopausal women taking corticosteroids at similar
BMD levels to postmenopausal women not taking cor-
ticosteroids. In contrast, Selby and associates23

observed no increased risk of vertebral fracture in glu-
cocorticoid-treated patients compared with other

causes of osteoporosis when cumulative fracture
prevalence was compared with BMD.

PATTERN OF BONE LOSS WITH
CORTICOSTEROID TREATMENT

Bone loss with corticosteroid treatment appears most
rapid in the first 12 months after starting therapy, fol-
lowed by a slower decline in patients on chronic ther-
apy. When high-dose corticosteroids are used, rates
of loss in the spine range between 5% and 15% per
annum.24 In a longitudinal histomorphometric study,
treatment with prednisone (10-25 mg/day) resulted
in a 27.1% decrease in iliac crest cancellous bone vol-
ume by 6 months.8 In patients on chronic low-dose
therapy, continuing slower bone loss or no loss
occurs.25 Corticosteroid-induced bone loss may be
reversible on cessation, as illustrated by recovery in
bone density after successful treatment of Cushing
syndrome.26

Corticosteroid bone loss appears dose dependent,
although a longitudinal study observed loss averaging
9.5% over 20 weeks from spinal trabecular bone in
patients receiving a mean dose of 7.5 mg prednisone
per day,27 suggesting that even lower doses of cortico-
steroids can cause bone loss in some patients.

Although inhaled steroids are less likely to have sys-
temic effects than oral corticosteroids, in higher doses
they result in adrenal suppression, growth impair-
ment, and reduced bone density.28-30 Wong and col-
leagues31 reported a large cross-sectional study of
patients receiving long-term inhaled corticosteroids
for asthma and found a significant inverse relationship
between corticosteroid dose (or duration of corticos-
teroid therapy) and bone density at the spine and hip.

Figure 22-1. The degree of bone loss from corticosteroids varies according to dose, underlying disease, and possibly genetic
factors. The case for intervention is strong early (primary prevention) in postmenopausal women but is less clear in premenopausal
women. Because fracture risk is a function of the duration of corticosteroid use, secondary prevention is appropriate to consider in
pre- and postmenopausal women on long-term corticosteroid treatment with low BMD. (From Sambrook PN: Corticosteroid
osteoporosis: practical implications of recent trials. J Bone Miner Res 2000;15:1645-49.) (See Color Plates.)
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INVESTIGATION OF PATIENTS TREATED
WITH CORTICOSTEROIDS

Bone Mineral Density
The effects of corticosteroids on BMD can be meas-
ured precisely and accurately using dual-energy x-ray
absorptiometry (DXA) of the lumbar spine, hip, and
distal forearm or quantitative computed tomography
for the lumbar spine. The earliest changes of glucocor-
ticoid-induced bone loss are seen in the lumbar spine
because of its high content of trabecular bone. It is rec-
ommended that physicians obtain a DXA measure-
ment of the lumbar spine (anteroposterior scan) and
femoral neck when subjects are initiating cortico-
steroid treatment or soon after. Lateral DXA measure-
ment is not recommended due to positioning issues
and its poorer precision and accuracy. Repeat DXA
scans are recommended to monitor for bone loss. The
role of biochemical markers of bone turnover in diag-
nosis and management remains unclear.

TREATMENT

Because the most rapid bone loss occurs in the first 12
to 24 months in patients commencing high-dose corti-
costeroids, it is important to consider two therapeutic
situations: (a) primary prevention in patients starting
corticosteroids and (b) treatment (or secondary
prevention) in patients on chronic corticosteroids
who will almost certainly have some significant degree
of existing corticosteroid-related bone loss.32 Although
the terms secondary prevention and treatment can be
used interchangeably, from a clinical point of view,
primary prevention of bone loss in patients starting
high-dose corticosteroids for the first time is pre-
ferred.32,33

Current therapeutic approaches include

■ use of the lowest corticosteroid dose possible
■ use of agents that prevent or reverse bone loss.

Agents that have been investigated for potential bene-
fit include antiresorptive agents (such as calcium, vita-
min D, calcitonin, hormone replacement therapy, and
bisphosphonates) and anabolics (such as parathyroid
hormone [PTH]). Although the effects of cortico-
steroids on bone formation appear more important
than those on bone resorption, antiresorptives appear
effective by reducing steroid effects on bone remodel-
ing and preserving microarchitecture.

Antiresorptive Agents
Hormone replacement therapy is often recommended
for glucocorticoid-treated patients, but the supporting
evidence is limited. There have been only two con-
trolled trials in men. In a crossover study of 15 men

receiving chronic steroids for asthma, testosterone
250 mg/month increased lumbar BMD by 5% after
12 months, which was significant compared with the
calcium group.34 Similarly, testosterone supplementa-
tion was superior to both nandrolone and placebo in a
trial of 51 men, increasing lumbar BMD by 5.6% over
12 months.35 In a randomized trial in postmenopausal
women with rheumatoid arthritis, a small subgroup
received chronic low-dose steroids plus estrogen and
they increased lumbar BMD by 3.8% over 2 years com-
pared with a 0.6% loss in the calcium-treated group.36

None of these studies was powered for fracture.
These studies suggest an apparent benefit of calcium

therapy for secondary prevention in patients receiving
chronic low-dose corticosteroids, but most recent
trials in patients starting corticosteroids in which cal-
cium alone was used as the control therapy observed
rapid rates of loss.37-39 This suggests that calcium alone
is probably insufficient to prevent rapid bone loss in
patients starting high-dose corticosteroids.

Calcium is often used in combination with vitamin
D in patients with corticosteroid-induced osteoporosis
based on studies in the 1970s that measured only fore-
arm BMD,40 so their clinical relevance to vertebral
fracture risk is unclear. Adachi and colleagues41 com-
pared combination calcium/vitamin D (1000 mg daily
plus 50,000 U weekly, respectively) with placebo over
3 years in 62 patients starting corticosteroids (i.e., pri-
mary prevention). Bone loss at the lumbar spine was
not significantly different between groups receiving
calcium/vitamin D or placebo, and the amount of
bone loss observed over 1 year with the calcium/vita-
min D combination (4.9%) was similar to that seen in
the calcium-treated control groups in other recent pre-
vention studies.37,39 However, a secondary prevention
study by Buckley and associates42 in 65 patients receiv-
ing chronic low-dose corticosteroids for rheumatoid
arthritis observed an annual spinal loss of 2.0% in
placebo-treated patients compared with a 0.7% gain in
calcium/vitamin D3–treated patients (1000 mg plus
500 IU/day, respectively). Other studies suggest an
apparent benefit of calcium therapy for secondary
prevention in patients receiving chronic low-dose
corticosteroids,34,36 but calcium alone is probably
insufficient to prevent rapid bone loss in patients start-
ing high-dose corticosteroids.37-39

Although the term vitamin D is sometimes used to
encompass both the calciferols and active metabolites,
they have quite distinct therapeutic effects. The most
commonly used active hormonal forms of vitamin D
are calcitriol (1,25-dihydroxy vitamin D) and alfacalci-
dol (1α-hydroxyvitamin D). A number of studies have
examined their use in primary prevention of glucocor-
ticoid-induced osteoporosis. One study compared the
effect of calcium, calcitriol, or calcitonin in 103

Treatm
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patients starting corticosteroids.37 Patients treated with
calcium lost bone rapidly at the lumbar spine 
(−4.3% in 1 year), whereas patients treated with either
calcitriol or calcitriol plus calcitonin lost at a much
reduced rate (−1.3% and −0.2% per year, respectively).
Results in both groups were significantly different
from those in the calcium group. Another randomized
double-blind controlled trial in 145 patients compared
alfacalcidol with calcium.43 After 12 months, the
change in spinal BMD with alfacalcidol was +0.4%
compared with −5.7% with calcium.

Another study has evaluated the efficacy of active vita-
min D metabolites compared with simple vitamin D in
patients on chronic corticosteroids.44 Eighty-five patients
on long-term corticosteroid therapy were randomized to
either 1 μg alfacalcidol plus calcium 500 mg daily or 1000
IU vitamin D3 plus 500 mg calcium. Over 3 years, a small
but significant increase was seen in lumbar spine BMD in
the alfacalcidol group (+2.0%; P < .0001), with no signif-
icant changes at the femoral neck. Other studies have not
revealed any benefit of active vitamin D metabolites
compared with plain vitamin D.45 Calcitonin has also
been studied in patients starting corticosteroids and
receiving chronic corticosteroids, with equivocal results.
In two primary prevention studies, there was no statisti-
cally significant additional benefit of adding calcitonin to
calcitriol or cholecalciferol.37,46

Several trials have examined the efficacy of bisphos-
phonates on corticosteroid-induced bone loss and verte-
bral fractures. Adachi and associates41 studied 141
patients starting corticosteroids (i.e., primary prevention)
who received prophylaxis with either cyclical etidronate
or calcium. After 12 months, mean lumbar BMD change
with etidronate was +0.6% compared with −3.2% in the
calcium group. For postmenopausal women, there was a
significant difference in the incidence of new vertebral
fractures favoring etidronate (21.9% vs 3.2%). Saag and
coworkers47 reported the results of 477 corticosteroid-
treated subjects who received prophylaxis with alen-
dronate or calcium/vitamin D (800-1000 mg daily plus
250-500 IU daily, respectively). Patients were stratified
according to whether they had received corticosteroids
for less than 4 months, 4 to 12 months, or more than 12
months. Over 12 months of follow-up, the mean change
in lumbar spine BMD in patients in the primary preven-
tion group was +3.0% for alendronate 10 mg/day com-
pared with −1% in the placebo group. In those who
had received chronic corticosteroids for more than
12 months, the increase with alendronate was +2.8%
compared with +0.2% for calcium. These data again sug-
gest that supplementation with calcium/vitamin D is able
to prevent further bone loss in patients taking chronic
low-dose corticosteroids (secondary prevention). A post
hoc analysis of incident vertebral fractures determined
semiquantitatively significantly favored alendronate in

postmenopausal women only (13% vs 4.4%). Cohen and
coworkers39 reported the results of a primary prevention
trial in 224 corticosteroid-treated subjects who received
prophylaxis with either residronate or calcium.
Residronate 5 mg per day prevented spinal bone loss
(+0.6%) as compared with calcium (−2.8%) over
12 months. Incident vertebral fracture rates were 17.3 %
with calcium and 5.7 % for residronate 5 mg (P = .072).
Vertebral fractures were only seen in postmenopausal
women and men. Reid and associates48 examined the
effects of risedronate in 290 patients receiving chronic
corticosteroid treatment (prednisone >7.5 mg/day for
>6 months). Approximately one-third of patients had
vertebral fractures at baseline. The control group, who
was treated with calcium (1000 mg) plus vitamin D
(400 IU) daily, showed a stable BMD over 12 months.
However, treatment with risedronate in a dose of 5 mg
significantly increased lumbar spine (+2.9%) and femoral
neck (+1.8%) BMD. Treatment with risedronate 2.5 mg
daily showed a similar though nonsignificant trend.
Although not powered for fractures, 15% of patients in
the control group versus 5% in the risedronate groups
sustained new vertebral fractures, suggesting a 70%
reduction in fracture rate. Boutsen and colleagues49 per-
formed a prevention study with intravenous pamidronate
(90 mg for the first infusion, then 30 mg every 3 months
plus calcium) for 12 months and found nearly a 4%
increase in lumbar spine bone mass and a 3% increase in
femoral neck bone mass, whereas the placebo group had
a −6% change at the lumbar spine and a −4.1% change at
the femoral neck.

Anabolic Agents
Lane and colleagues50 performed a randomized con-
trolled trial of hPTH (1-34) in estrogen-treated post-
menopausal women with corticosteroid-induced
osteoporosis (see Chapter 19). The patients treated with
hPTH and estrogens had significant increases in bone
mass (+35% by lumbar spine quantitative computed
tomography, +11% by lumbar spine DXA, 1% hip) after
12 months, and essentially no changes were observed in
the control group. All study patients were followed for an
additional year after the hPTH (1-34) was discontinued,
and total hip and femoral neck bone mass increased
about 5% above baseline levels.51 Treatment with PTH
resulted in a dramatic increase in the biochemical mark-
ers of bone turnover. Bone formation, measured by
osteocalcin, increased more than 150% above baseline
levels within 1 month of the start of therapy and
remained elevated for the treatment period. Bone
resorption, measured with deoxypyridinoline cross-
links, increased to the same levels as the bone formation
marker, but this required 6 months of therapy.50 The
study was too small to determine whether hPTH (1-34)
could reduce the incidence of new vertebral fractures.
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CONCLUSION

Evidence from randomized controlled trials suggests that
postmenopausal women receiving corticosteroids are at
high risk of rapid bone loss and consequent vertebral
fracture and should be actively considered for prophy-
lactic measures. In men and premenopausal women
receiving corticosteroids, the decision to intervene is less
straightforward and depends on a number of factors,
including the baseline BMD and anticipated dose and
duration of corticosteroids. Based on the available evi-
dence, the first choice for prevention would be a potent
oral bisphosphonate such as alendronate or risedronate.
In patients intolerant of oral bisphosphonates, intra-
venous bisphosphonates should be considered, or a vita-
min D metabolite. Calcium alone appears unable to

prevent rapid bone loss in patients starting cortico-
steroids, but calcium and vitamin D are appropriate
adjunctive therapy. Testosterone should be considered if
hypogonadism is present in men. Most clinical trial data
are limited to 1 to 2 years, but it is likely that prophylac-
tic therapy needs to be continued while patients continue
taking significant doses of corticosteroid therapy.
In patients receiving chronic low-dose corticosteroids
(<7 mg/d of prednisone or its equivalent), treatment
with calcium and vitamin D may be sufficient to prevent
further bone loss, but if BMD is markedly low, a bispho-
sphonate should be used or PTH considered, because
fracture risk is a function of multiple factors, including
the degree of reduction in BMD and the duration of
exposure to corticosteroids.
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Solid organ transplantation has become an established
treatment option for several disease states, including
acute and chronic liver failure, end-stage renal disease,
end-stage pulmonary disease, and heart failure. The
number of organs transplanted in the United States

has increased steadily over the past few decades, and
almost doubled since 1988, reaching nearly 25,000 in
2002 (Figure 23-1).1 Thus, the total number of
patients who have undergone solid organ transplanta-
tion in the United States now exceeds 300,000. With
the increasing number of transplanted organs and the
improved survival of transplant recipients, bone dis-
ease has emerged as a common complication of the
transplantation process. Osteoporosis can be seen in
up to one-half of transplant recipients, and vertebral
fractures are found in almost one-third of the patients
(Table 23-1).2

PATHOGENESIS OF TRANSPLANTATION-
RELATED OSTEOPOROSIS

Many factors contribute to the pathogenesis of osteo-
porosis after organ transplantation. These include
bone disease preceding transplantation, immunosup-
pressive medications, nutritional and lifestyle factors,
and derangements of the parathyroid-calcium-
vitamin D axis and the pituitary-gonadal axis
(Figure 23-2). In this section, these factors are exam-
ined and discussed separately, although one should
keep in mind that they are all intertwined in the con-
text of organ transplantation.

Osteoporosis after Solid Organ
Transplantation
Naim M. Maalouf and Elizabeth Shane

23
SECONDARY OSTEOPOROSIS AND OSTEOPOROSIS AND THE RHEUMATIC DISEASES
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Figure 23-1. Number of solid organs
transplanted yearly in the United States
since 1988. (Data from United Network
for Organ Sharing.1)

SUMMARY

Post-transplantation bone loss and fractures cause
substantial morbidity, particularly during the early
post-transplant period and are influenced by a number
of factors including the type of transplant and the
immunosuppressive regimen used. Since the most
rapid rates of bone loss and highest fracture incidence
occur during the early posttransplant period, therapy
should be considered before transplantation in patients
with osteoporosis or immediately after transplantation
in patients with normal BMD or osteopenia.
Bisphosphonates should be considered first line
therapy for prevention of bone loss during the first year
after organ transplantation, but calcitriol can also be
used as primary prevention or adjunctive therapy.
Some controversy exists regarding management in the
renal transplant population and the decision to use
bisphosphonates in the long term renal transplant
patient should be preceded by clinical evaluation to
rule out other bone pathology.
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Pretransplantation Bone Disease
Candidates for organ transplantation frequently suffer
from fractures or osteoporosis, or both. Advanced age,
poor nutrition, immobility, hypogonadism, cachexia,
and lifestyle factors (such as smoking and alcohol
abuse) frequently contribute to the poor skeletal health
of patients with organ failure requiring transplanta-
tion. In addition, hepatic, pulmonary, cardiac, and
renal failure have unique pathophysiologies that affect
bone health before transplantation. These particular
features are examined in this section.

Hepatic Osteodystrophy
Osteoporosis and fractures are relatively common find-
ings in patients with chronic liver disease. Osteoporosis
is found in 37% to 53% of cirrhotic patients referred for
orthotopic liver transplantation.3-5 Osteoporosis is seen
more often in patients with primary biliary cirrhosis, in
part because this condition mostly affects post-
menopausal women, a patient population already at
risk for osteoporosis.6 A wide range of vertebral fracture
rates (3-44%) has been reported among cirrhotic
patients, and this is likely due to differences in the
populations studied.7 In some reports, bone histomor-
phometry studies have shown decreased bone volume,

accompanied by a reduction in parameters that reflect
bone formation (osteoblast number, osteoblast surface
area, bone formation rate)8,9 and, in some reports, an
increase in parameters reflecting bone resorption
(osteoclast number, bone resorption surface).9,10

The decreased bone formation in patients with
chronic liver disease has been ascribed to several fac-
tors, including excessive alcohol use, decreased hepatic
synthesis of insulin-like growth factor-1 (IGF-1) levels,
and hyperbilirubinemia. Alcohol use by itself has been
implicated, even in the absence of chronic liver dam-
age.11 IGF-1, a trophic hormone produced in the liver
in response to growth hormone, is known to stimulate
both osteoblast proliferation and differentiation.12,13 In
a study of 32 consecutive patients with nonalcoholic
liver cirrhosis, serum IGF-1 levels were lower than in
control healthy subjects, and even lower levels were
seen among cirrhotic patients who had osteoporosis.14

In another study,15 hyperbilirubinemia was found to
reversibly impair osteoblast proliferation in vitro.

The increased bone resorption seen in some patients
with advanced liver disease has been partly attributed to
hypogonadism, a common finding in patients with cir-
rhosis. In a study comparing 39 male patients referred
for liver transplantation with matched normal volun-
teers, more than one-half of the patients had decreased
testosterone levels (Figure 23-3).5 In addition, sex

TABLE 23-1 PREVALENCE OF OSTEOPOROSIS* AND 
FRACTURES AFTER SOLID ORGAN TRANSPLANTATION

Prevalence after Transplantation, %

Type of Transplant Osteoporosis Fracture

Kidney 11-56 Vertebral: 3-29
Peripheral: 11-22

Heart 25-50 Vertebral: 22-35
Liver 30-46 Vertebral: 29-47
Lung 57-73 42

*Defined as bone mineral density T-score < −2.5.
From Cohen A, Shane E: Osteoporosis after solid organ and bone
marrow transplantation. Osteoporos Int 2003;14:617-30. © Springer
2003.

Low bone mass
and fracture

Secondary
hyperpara-
thyroidism

Vitamin D
deficiency

Cyclosporine and other
immunosuppressives

Pre-existing
bone disease

Hypogonadism

Glucocorticoids

Malnutrition

Figure 23-2. The multifactorial pathogenesis of osteoporosis
after solid-organ transplantation. (Redrawn from Compston JE:
Osteoporosis after liver transplantation. Liver Transplant
2003;9:321-30.)
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Figure 23-3. Plasma testosterone, sex hormone–binding
globulin, and free testosterone in patients with cirrhosis and
healthy age-matched control subjects. Data shown as mean and
SD. * P < .001. (Redrawn from Monegal A, Navasa M, Guanabens
N, et al: Osteoporosis and bone mineral metabolism disorders in
cirrhotic patients referred for orthotopic liver transplantation.
Calcif Tissue Int 1997;60:148-54. © Springer 1997.)
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hormone–binding globulin was significantly increased,
resulting in a marked reduction in the free testosterone
index in cirrhotic patients compared with control sub-
jects.5 Basal levels of luteinizing hormone and follicle-
stimulating hormone range from normal to moderately
elevated,16 implying defects both at the hypothalamic-
pituitary level and at the gonadal level.

Additional factors contributing to osteoporosis in
patients with liver cirrhosis include vitamin D defi-
ciency, due to decreased hepatic synthesis of 25-hydroxy-
vitamin D [25(OH)D] or to intestinal malabsorption,
and glucocorticoid use (in the treatment of chronic
autoimmune hepatitis).17 Osteomalacia is a rare cause of
reduced bone mineral density (BMD) in cases of hepatic
osteodystrophy.17

Osteoporosis in End-Stage Pulmonary
Disease
Patients with end-stage pulmonary disease commonly
have osteoporosis,18,19 and radiological evidence of verte-
bral fractures is seen in up to 29% of patients.18,20 Risk
factors for osteoporosis in patients with advanced lung
disease include smoking, decreased ambulation, low
body weight, and glucocorticoid use.21 Cystic fibrosis is
associated with additional risk factors, such as hypogo-
nadism,22 malnutrition, and pancreatic insufficiency,
that may impair the absorption of calcium and vitamin
D.23,24 Pulmonary infections and the secondary release of
inflammatory bone-resorbing cytokines have also been
associated with increased bone resorption in patients
with cystic fibrosis.25 These patients typically have ele-
vated levels of bone resorption markers, with normal lev-
els of bone formation markers when compared with
healthy control subjects.26 In cystic fibrosis, the predom-
inant finding on bone histomorphometry is reduced

cancellous bone area and osteoblast number, along with
abnormalities in osteoclast number and activity.27

In a study of 70 patients with end-stage pulmonary
disease awaiting lung transplantation, osteoporosis
was present in 30% of patients at the lumbar spine and
49% at the femoral neck, and osteopenia was present
in an additional one-third of the patients.18 In the same
study, vitamin D deficiency was more common among
patients with cystic fibrosis than among patients with
other lung diseases.18

Bone Disease in Congestive Heart Failure
Low BMD is frequently found in patients with conges-
tive heart failure (CHF),28,29 and 14% of patients with
CHF awaiting transplantation had radiological evi-
dence of vertebral compression fractures in one
study.29 In a report of 101 patients with severe CHF
(New York Heart Association functional classes III and
IV), referred for evaluation for cardiac transplantation,
osteoporosis at the lumbar spine was seen in 7% and
osteopenia in another 43% (Figure 23-4).28

In that same cohort, the mean serum 25(OH)D level
was 21 ng/mL, and 17% had a frankly low 25(OH)D (<9
ng/mL). Low serum 25(OH)D levels in patients with
severe CHF are probably due to a combination of fac-
tors, including insufficient synthesis in the skin (due to
lack of sunlight exposure from decreased mobility),
impaired vitamin D absorption due to bowel edema,
and passive liver congestion impairing hepatic 25-
hydroxylation of vitamin D. Low serum 25(OH)D levels
are also associated with diminished exercise tolerance,
as peak oxygen consumption during treadmill exercise
testing was lower in patients with low 25(OH)D.28

Additional factors associated with CHF and its therapy
that may contribute to bone loss include hypogonadism,
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Figure 23-4. Frequency of
distribution of lumbar spine bone
mineral density in patients with
severe congestive heart failure,
expressed as T-score. Medium-
shaded bars indicate osteopenia,
dark-shaded bars indicate
osteoporosis. (Redrawn from Shane E,
Mancini D, Aaronson K, et al: Bone
mass, vitamin D deficiency, and
hyperparathyroidism in congestive
heart failure. Am J Med
1997;103:197-97.)
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long-term heparin administration and loop diuretic
administration, mild renal insufficiency, and secondary
hyperparathyroidism.30

Renal Osteodystrophy
Bone disease is found in virtually all patients with
chronic kidney disease once glomerular filtration rate
falls below 60 mL/min.31,32 Compared with the general
population, end-stage renal disease (ESRD) patients are
4.4-fold more likely to sustain a hip fracture, and the
prevalence of vertebral fractures is as high as 21%.33 Risk
factors for fractures among patients with ESRD include
older age, female sex, and duration of dialysis.34,35

The pathogenesis of renal osteodystrophy is com-
plex, and several different mechanisms contribute to
poor skeletal health. Based on histological features,
renal osteodystrophy is classified as osteitis fibrosa,
osteomalacia, adynamic disease, or mixed type (Table
23-2). Osteitis fibrosa, mainly caused by secondary
hyperparathyroidism, is characterized by increased
bone turnover and osteoclast activity resulting in
increased resorption depth. The characteristic finding
in osteomalacia is a mineralization defect with accu-
mulation of unmineralized osteoid and low rates of
bone turnover. Adynamic renal bone disease is charac-
terized by decreased remodeling activity, and its patho-
genesis remains poorly understood. Hypogonadism,
β-microglobulin amyloidosis, and medications such as
prednisone and cytotoxic drugs used in glomeru-
lonephritis are all additional factors not shown in Table
23-2 that adversely affect skeletal health before renal
transplantation.

Serum concentrations of parathyroid hormone (PTH)
and bone-specific alkaline phosphatase, as well as BMD
measurements, provide limited information on the
degree and type of bone involvement. However, the gold
standard in the diagnosis and classification of the skeletal
lesions in renal osteodystrophy remains quantitative his-
tomorphometry of transiliac crest bone biopsies after
tetracycline labeling, an invasive procedure that is unfor-
tunately of limited availability.31 It should be stressed that
measurement of BMD cannot be applied to the diagno-
sis of osteoporosis in patients with ESRD, as this tech-
nique does not distinguish among the various possible
histological lesions that may be present and BMD may be
low in any form of renal osteodystrophy.

Skeletal Effects of Immunosuppressive
Drugs
Trends in the Use of Immunosuppressive Drugs
New trends in immunosuppressive drug use have arisen
as novel molecules have become available. Since 1992,
such trends have included the wider use of newer agents
such as rapamycin and mycophenolate mofetil and
an increase in the use of induction therapy with anti-

interleukin 2 receptor antibodies or antilymphocyte
preparations. These trends have led to fewer episodes of
rejection and lower cumulative glucocorticoid doses.
Finally, a shift away from cyclosporine toward tacrolimus
use has occurred in some transplantation programs.

Glucocorticoids
Glucocorticoids play a major role in the bone loss after
transplantation. High doses (sometimes more than
1 mg/kg/day of prednisone) are usually prescribed
immediately after transplantation, and the dose is then
gradually tapered over the following few months.
Additional doses may be given for the management of
episodes of rejection.

The cause of glucocorticoid-induced osteoporosis is
multifactorial (Figure 24-5). Early on, a phase of rapid
bone loss is seen,36 likely secondary to increased bone
resorption due to a combination of renal calcium wast-
ing,37 decreased intestinal absorption of calcium,38 and
hypogonadotropic hypogonadism.39,40 In addition,
glucocorticoids directly promote osteoclastogenesis by
increasing receptor activator of NF-κB ligand (RANKL)
and decreasing osteoprotegerin.41 With both acute and
chronic use, bone formation is profoundly inhibited, as
glucocorticoids reduce osteoblast proliferation, function
(by inhibiting the expression of the genes for osteocal-
cin, type 1 collagen, and IGF-1),41 and lifespan (by pro-
moting osteoblast apoptosis).42 In addition to their
direct effects on the skeleton, glucocorticoids can induce
a profound myopathy,43 impairing balance and mobil-
ity, decreasing weight-bearing activity, and increasing
the risk of falls and the potential for fractures.

Calcineurin Inhibitors
Cyclosporine A and tacrolimus (FK506) inhibit cal-
cineurin, a T-cell phosphatase, and thus suppress T-cell

TABLE 23-2 CLASSIFICATION, DESCRIPTION, AND 
PATHOGENESIS OF RENAL OSTEODYSTROPHY

Disorder Description Pathogenesis

Osteitis fibrosa Increased remodeling Secondary 
frequency, increased hyperpara-
osteoclast activity thyroidism
and resorption 
depth, marrow 
fibrosis

Osteomalacia Defective minerali- Vitamin D deficiency, 
zation, increased aluminum
osteoid deposition, other 

unknown factors

A dynamic Decreased PTH oversup-
renal bone remodeling, pression, other
disease hypocellular bone unknown factors

surface
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activation and production and release of interleukin-2
and other cytokines.44 The isolated effects of calcineurin
inhibitors on the human skeleton are somewhat
unclear because, in the past, these drugs were rarely
used alone (without glucocorticoids). Nowadays, more
programs are using glucocorticoid-free regimens, so it
may be possible to better address this issue.

In murine models, calcineurin inhibitors cause high
turnover osteoporosis:45 cyclosporine A stimulates
both osteoclast and osteoblast activities in vivo, but
resorption rates exceed formation rates, with a net loss
in bone mass.46,47

T-lymphocytes are essential mediators of this bone
loss, as T-cell–deficient rats (Rowett athymic nude rats)
do not develop the expected cyclosporine A–mediated
osteopenia.48 Interestingly, and possibly related to the
pathogenesis of bone disease, cyclosporine A–induced
osteopenia is associated with testosterone deficiency49

and is attenuated by parathyroidectomy.50 A major side
effect of cyclosporine A therapy is dose-related acute
and chronic nephrotoxicity, often leading to secondary
hyperparathyroidism,51 which may also adversely affect
skeletal health.

Tacrolimus, a fungal macrolide, also induces severe
trabecular bone loss in rats,45 although this bone loss
may be less severe in humans than that induced by
cyclosporine A.52

Other Immunosuppressive Agents
Other immunosuppressive agents could also affect
bone metabolism, although the information available
is limited: mycophenolate mofetil,53 rapamycin,54 and
azathioprine55 have shown no effects on bone volume
in the rat model (Table 23-3).

Immobilization and Malnutrition after
Transplantation
During the ever-longer times on the transplant waiting
list, patients experience progressive disease-related
decompensation, associated with reduced physical
activity and malnutrition. In the absence of appropri-
ate interventions, these complications can adversely
affect skeletal health.56

Although the high-protein diet frequently recom-
mended after transplantation is important for regain of
muscle mass, it can also adversely affect bone meta-
bolism. Protein catabolism generates large amounts of
acid57 that is partly buffered by the skeleton, leading to
increased bone resorption and urinary excretion of cal-
cium.58 In addition, easing the restriction of sodium
intake after transplantation could lead to sodium-
induced urinary calcium losses and secondary increases

TABLE 23-3 SKELETAL EFFECTS OF COMMONLY 
USED IMMUNOSUPPRESSIVE MEDICATIONS

Medication Skeletal Effects

Glucocorticoids Early: Increased resorption
Late: Decreased bone formation and 
remodeling

Calcineurin High turnover bone loss: Resorption 
Inhibitors greater than formation

Rapamycin Rodents: Inhibits longitudinal growth, no 
osteoporosis

Azathioprine Rodents: Increased osteoclast number, no
change in bone volume

Mycophenolate No change in bone volume in rodents
Mofetil

Glucocorticoids

↓ Ca2+ intestinal absorption
↑ Renal Ca2+ wasting

Direct effects
on osteoblast

Hypogonadism ↑ Osteoclast
activation

Secondary
hyperparathyroidism

↑ RANKL/OPG ↓ Function
(↓ Collagen A1, ↓ IGF-1)
↑ Apoptosis, ↓ lifespan

↓ Bone formation↑ Bone resorption

Figure 23-5. Factors involved in
glucocorticoid-induced
osteoporosis. Elevated RANKL/OPG
ratio, hypogonadism, and secondary
hyperparathyroidism contribute to
the early and rapid phase of bone
loss due to increased bone
resorption. With acute and chronic
use, bone formation is profoundly
inhibited due to decreased
proliferation, function, and lifespan
of osteoblasts. OPG = osteo-
protegerin; RANKL = receptor
activator of NF-κB ligand.
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in bone resorption.59 Improvements in physical capac-
ity and muscular strength after transplantation have
been documented, although these levels remain lower
than age-predicted levels in healthy populations.60

Interestingly, severity of bone loss has been correlated
with prolonged in-hospital stay after transplantation
(and hence immobilization).61

Hypothalamic-Pituitary-Gonadal Axis after
Transplantation
In many heart transplant recipients, testosterone lev-
els fall immediately after transplantation but generally
normalize within the first year (Figure 23-6).62 Despite
significant alterations in the hypothalamic-pituitary-
gonadal axis and sex steroid metabolism before liver
transplantation, physiological function resumes in
the majority of patients after transplantation.16

Specifically, serum gonadotropin and testosterone
(total and free) levels increase in most liver trans-
plant recipients, along with a decrease in estrogen
and sex hormone–binding globulin levels 1 year after
transplantation.63 Although menstrual abnormalities
are common in premenopausal women with chronic
liver disease, transplantation leads to a restoration of
normal menstrual function in 48% to 80% of cases,
particularly in those who received transplantations for
acute liver failure.64,65 Renal transplantation corrects
the hyperprolactinemia induced by uremia and is fol-
lowed by restoration of the hypothalamic-pituitary-
gonadal axis in many men and premenopausal
women.66,67 There is no published information on the
gonadal function in lung transplant recipients.

Vitamin D and Parathyroid Hormone 
after Transplantation
Prospective studies in lung, heart, and liver transplant
recipients indicate that serum 25(OH)D levels tend to
gradually increase from the low levels seen before trans-
plantation to normal levels, although this is likely related
to the use of vitamin D supplements in most studies.19,62,68

A progressive increase in serum PTH concentration
was noted in liver transplant recipients who were fol-
lowed prospectively,16,68 whereas no change was
noted in the mildly elevated PTH levels after cardiac
transplantation.62 The mechanisms underlying the
increased serum PTH levels are not well established
but may be related to the decline in renal function
seen in up to 20% of transplant recipients.69

In renal transplant recipients, serum PTH concentra-
tions decrease progressively during the first 6 months
after transplantation.70 However, persistent hyper-
parathyroidism is detected in 25% to 43% of patients
with a serum creatinine concentration of less than
1.5 mg/dL 1 year after grafting, probably due to the very
slow involution of the hyperplastic parathyroid
glands.71,72 Pretransplant risk factors for persistent hyper-
parathyroidism in renal transplant recipients are longer
time on dialysis and higher PTH levels.73 Post-transplan-
tation predictors include creatinine clearance (CrCl) of
less than 70 mL/min, use of cyclosporine A, and low
serum 25(OH)D levels.74,75

BONE LOSS AND FRACTURES AFTER
TRANSPLANTATION

Bone Mineral Density after
Transplantation
After solid organ transplantation, large decreases in
bone density are observed in the first year. This decrease
occurs mainly in the first 3 to 6 months16,62,76,77 and is
likely related to the large doses of glucocorticoids used
immediately after grafting (Figure 23-7).17,78 Early bone
loss involves the lumbar spine (cancellous bone), a find-
ing typical of glucocorticoid-induced bone loss. Rates of
lumbar spine bone loss slow thereafter, with stabiliza-
tion by 6 to 12 months, and even some recovery after
liver, lung, and heart transplantation. One study
reported continued increases in BMD up to 7 years fol-
lowing after transplantation.68 Reports on BMD changes
after renal transplantation differ somewhat. The rapid
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Figure 23-6. Serial testosterone
levels in 55 men after heart
transplantation. Data presented as
mean ± SD. Normal range for serum
testosterone: 300-1200 ng/dL. * 
P < .05 compared with baseline.
(Redrawn from Shane E, Rivas M,
McMahon DJ, et al: Bone loss and
turnover after cardiac
transplantation. J Clin Endocrinol
Metab 1997;82:1497-506. ©1997,
The Endocrine Society.)
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and significant early loss in bone density in the first 6
months77 is followed by continued loss of approximately
1% yearly, up to 8 years after renal transplantation.79

Fractures after Transplantation
In heart and liver transplant recipients, the incidence
of new fractures parallels the timing of the most rapid
loss of BMD, with most fractures occurring within the
first year after transplantation (see Figure 23-7).80-82

After renal transplantation, the incidence of fracture
remains elevated, consistent with the persistent
decrease in bone density (Figure 23-8).83 After lung,
cardiac, and hepatic transplantation, fractures are
more likely to occur at the spine and ribs,76-81 whereas
kidney transplant recipients experience relatively more
fractures of the long bones and metatarsals.84

Risk factors for fractures after transplantation are
summarized in Table 23-4 and include older age, preva-
lent fractures before transplantation, postmenopausal
status, and lower body mass index. Additional risk fac-
tors in renal transplant recipients include the presence
of diabetes mellitus and prolonged dialysis before
transplantation.85 The predictive roles of pretransplan-
tation BMD86 and of the cumulative glucocorticoid
dose79,83,87 are controversial. Serial measurements of
bone density at the lumbar spine were not found to pre-
dict fracture risk after liver88 or heart81 transplantation.

The variation in fractures rates among various studies
may be partly due to differences in the types and doses
of immunosuppressive drugs and partly due to the dif-
ferences in method of ascertainment (occurrence of
symptomatic fractures versus analysis of prospectively
obtained spine radiographs). However, fracture inci-
dence may have declined in the past decade.17,89 This is
probably related to the considerable reduction in the
dose and duration of glucocorticoid therapy, to earlier
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Figure 23-7. Annualized rate of
loss of lumbar spine (solid line) and
probability of remaining free of
spine fractures (dashed line) after
cardiac transplantation. Bone
density changes are based on 70
patients followed after cardiac
transplantation and treated with
elemental calcium and vitamin D
(data from Shane et al62). Fracture
data based on 105 cardiac
transplantation patients (data from
Leidig-Bruckner et al82).

TABLE 23-4 FACTORS SHOWN TO BE PREDICTIVE OF 
INCREASED FRACTURE RISK IN SOLID ORGAN 

TRANSPLANTATION RECIPIENTS

Organ Risk Factors

Heart Older age, postmenopausal status,  
? Pretransplant BMD, ? steroid dose

Liver Older age, postmenopausal status,
pretransplantation fractures, low body mass
index, ? pretransplant BMD, ? steroid dose, ? PBC

Kidney Older age, postmenopausal status, time on
dialysis, diabetes mellitus, ? pretransplant BMD, 
? steroid dose

? Indicates risk factors that have been reported in some studies but

refuted in other studies.

BMD = bone mineral density, PBC, primary biliary cirrhosis.
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Figure 23-8. Observed versus expected cumulative incidence
of any new fractures in renal transplant recipients. Data based
on 86 Olmsted County, Minnesota, residents who underwent
initial renal transplantation who were followed for 911 person-
years. The cumulative incidence of any fracture at 15 years was
60% versus 20% expected (P < .001). (From Vautour LM, Melton
LJ 3rd, Clarke BL, et al: Long-term fracture risk following renal
transplantation: a population-based study. Osteoporos Int
2004;15:160-67. © Springer 2004.)
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institution of preventive methods because of the wider
recognition of transplantation-induced osteoporosis,
and also to a trend to performing transplantation earlier
in the course of the disease.17

Bone Histomorphometry after
Transplantation
The only bone histomorphometric data on lung trans-
plantation patients come from postmortem vertebral
bone biopsy specimens from 11 post-transplant cystic
fibrosis patients with a mean time from transplanta-
tion to death of 29 months.27 There was severe
osteopenia in both trabecular and cortical bone, with
decreased osteoblastic and increased osteoclastic activ-
ity.27 Data on bone biopsies in cardiac transplantation
are also very scarce, with only one study describing
findings in six patients evaluated at varying times after
transplantation and manifesting markedly varied his-
tomorphometric findings.90 More information is avail-
able on liver transplant recipients.91-94 Most of these
studies demonstrate an increase in bone resorption at
3 months after transplantation, accompanied by a
more robust increase in parameters of bone formation
(osteoblast number and osteoid surface and volume)
(Figure 23-9).92 However, these data may only apply to
liver transplant patients in whom osteoblast function is
profoundly depressed prior to transplantation.

Although heterogeneous, alterations in markers of
bone turnover follow the patterns seen on bone biopsy
and are very similar in both liver and cardiac trans-
plantation; an increase in resorption markers and a
decrease in formation markers are noted early (up to
3 months).16,78 This is followed by stabilization in

resorption markers at an elevated level but an increase
in bone formation markers.

Several publications have reported on the evolution
of histologic bone findings in renal transplant recipi-
ents.72 The findings vary widely, although the pre-
dominant lesion was characterized by low formation
associated with a normal/high bone resorption.95,96

Most studies of bone turnover markers in renal trans-
plantation reflect a decrease in bone formation in the
face of persistently elevated bone resorption.97

PREVENTION AND TREATMENT
OF TRANSPLANTATION-RELATED
OSTEOPOROSIS

Pretransplantation Measures
Identification and Correction of Risk Factors
All transplant candidates should be evaluated and
treated prior to transplantation, because bone disease
is common in these patients. Because waiting periods
on the transplant list can be as long as 1 or 2 years,
there is time to implement measures to improve skele-
tal health. Lifestyle factors such as immobilization,
smoking, and alcohol abuse should be addressed. The
use of medications that can negatively affect skeletal
health (e.g., anticonvulsants, glucocorticoids, heparin,
furosemide) should be assessed and minimized to the
extent possible. Other factors that can be corrected
include hypogonadism and negative calcium balance
(due to malabsorption and/or vitamin D deficiency).
Evaluation and treatment of renal osteodystrophy
according to accepted guidelines31 are recommended
for all patients with ESRD.
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Figure 23-9. Findings on bone
histomorphometry in 33 liver
transplant recipients. Closed circles
represent preorthotopic liver
transplantation (OLT); open circles
represent 3 months post-OLT. Bone
histomorphometric parameters
were expressed as Z-scores (sex-
adjusted histomorphometric
values), using normal female and
male histomorphometric reference
values of the Mayo Clinic Bone
Histomorphometry Laboratory.
(Redrawn from Guichelaar MM,
Malinchoc M, Sibonga JD, et al:
Bone histomorphometric changes
after liver transplantation for
chronic cholestatic liver disease.
J Bone Miner Res 2003;18:2190-99,
with permission of the American
Society for Bone and Mineral
Research.)
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All patients should receive the recommended daily
allowance for calcium (1000-1500 mg/day) and
vitamin D (400-800 IU/day). It is unclear whether
treatment of osteoporosis present before transplanta-
tion decreases the incidence of fractures after trans-
plantation, because controlled studies regarding this
issue have not been conducted. However, antiresorp-
tive agents may help improve BMD in liver and heart
transplant candidates and reduce fractures in other
populations and thus their use can be supported on
these bases. Bisphosphonates may increase the risk for
adynamic bone disease in ESRD patients and are not
approved for the treatment of these patients.98

Measurement of Bone Mineral Density
Lower BMD before transplantation has been cited as a
risk factor for fractures after transplantation in some
studies,82 although this is not confirmed from other
reports.81,86 Nevertheless, BMD measurement is
recommended by the American Gastroenterological
Association,7 the Kidney Disease Outcomes Quality
Initiative Group,99 and other authors.2,17,100,101 In our
view, it should be used to detect osteoporosis that
exists before the transplant and can be helpful in
selecting patients who would benefit from immediate
initiation of antiresorptive or anabolic therapy. In
patients with normal BMD, such therapy could be
safely deferred until the time of transplantation. Again,
however, interpretation of BMD measurements is dif-
ficult in the setting of renal bone disease, and the
World Health Organization criteria for diagnosis of
osteoporosis should not be used in these patients.

Prevention of Early Post-transplantation
Bone Loss
Because rates of bone loss and fracture incidence are
highest immediately after transplantation, preventive
and therapeutic measures should be instituted at that
time and without delay. In addition, the lack of reliable
clinical predictors to identify individual patients who will

experience osteoporotic fractures renders all transplant
recipients candidates for preventive therapy. Prevention
trials in post-transplantation osteoporosis are limited by
their inclusion of small numbers of subjects, the absence
of fracture data, the lack of randomization, and the fact
that they are conducted in single centers in most studies,
which may limit the generalization of results.

Exercise
The severity of post-transplantation bone loss was found
to correlate with the duration of in-hospital stay in the
first 3 post-transplantation months, suggesting a nega-
tive effect of prolonged immobilization.61 The impor-
tance of physical activity in restoring BMD is
demonstrated in three prospective, randomized, albeit
very small studies conducted in heart102,103 and lung104

transplant recipients. The type of training consisted of
supervised exercises of the lumbar extensor muscles
(1 day/week) and upper and lower body (2 days/week),
started 2 months after transplantation and continued for
6 months. These reports show that specific resistance
training restored BMD toward pretransplantation levels
more rapidly102,104 and, in conjunction with alendronate,
was more efficacious than alendronate alone (Figure 23-
10).103 Because resistance training has also been associ-
ated with somewhat higher BMD in other settings,105 it
may be helpful in other types of organ transplantation.

Calcium and Vitamin D
Replacement doses of calcium and vitamin D (up to
1000 IU) do not prevent clinically significant bone loss
after transplantation, as demonstrated by the control
arms of several trials studying the effects of different
medications.20,62,106 Nevertheless, trials that have
demonstrated efficacy of other medications to prevent
post-transplantation bone loss have all been conducted
in the setting of calcium and vitamin D repletion, and
it is our opinion that all transplant recipients should
receive 1000 mg of elemental calcium and at least 400
IU of vitamin D daily.
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Figure 23-10. Effects of alendronate
(10 mg/d) and resistance training
initiated 2 months after cardiac
transplantation on femoral neck and
lumbar spine bone mineral density
(BMD) in 25 transplant recipients
followed for 6 months. Triangles
represent control subjects (n = 9);
circles represent alendronate (n = 8);
and squares represent resistance
training plus alendronate (n = 8). Data
expressed as mean ± SEM. 
†P < .05 versus pretransplantation
(PreTx) value; *P < .05 versus control;
§P < .05 alendronate plus training
versus alendronate alone or control.
(Data from Braith et al.103)
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Vitamin D Metabolites
Calcium and calcidiol [25(OH)D] therapy was associ-
ated with an increase in BMD levels or prevention of
further bone loss in heart transplant recipients107 and
renal transplant recipients.108 The effects of calcitriol
with calcium have been controversial. At doses aver-
aging 0.25 μg daily, calcitriol did not significantly pre-
vent lumbar spine bone loss in renal109 and heart110

transplant recipients. Studies of calcitriol therapy at
doses greater than 0.5 μg daily have found different
results. In a 2-year, randomized, double-blind study,
calcitriol (0.5-0.75 μg daily) reduced proximal femur
bone loss in heart and lung transplant recipients and
reduced the occurrence of vertebral fractures and
deformities, although not significantly.111 However,
there was no reduction of lumbar spine bone loss in
that study. In another study, calcitriol (0.5 μg daily)
reduced bone loss at the femoral neck and lumbar
spine in a group of 75 heart transplant recipients com-
pared with an untreated reference group.89 At doses of
0.5 μg or higher, common side-effects of calcitriol
therapy include hypercalcemia and hypercalciuria
(seen in more than 50% of patients), which may
develop at any time during therapy and which require
close monitoring.89,111

Calcitonin
Calcitonin is ineffective in preventing early bone loss
after transplantation.2,10,112,113

Bisphosphonates
Bisphosphonates are indicated for the prevention of
glucocorticoid-induced osteoporosis, and their anti-
resorptive mechanism of action makes these drugs
attractive in preventing the phase of rapid bone loss
early after transplantation associated with increased
bone resorption (see Figure 23-9). Several clinical trials
have confirmed this benefit.

Compared with placebo, pamidronate (0.5 mg/kg),
given as two intravenous infusions at the time of renal
transplantation and 1 month later, prevented bone loss
at the femoral neck and lumbar spine at 1 year114 and
protected the hip from bone loss during 4 years after
transplantation (Figure 23-11).115 Similar results have
been reported with repeated intravenous doses of
pamidronate in a controlled randomized study of 34 pul-
monary transplant recipients116 and in nonrandomized
studies of heart,117 lung,106 and liver transplant recipi-
ents.118 However, in a recent study of liver transplant
recipients, a single dose of 60 mg IV pamidronate had no
significant effect on fracture rate or BMD change after
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Figure 23-11. Changes in bone
mineral density in renal transplant
recipients treated at time of
transplantation with two doses of
pamidronate or placebo. * P < .005.
NS = nonsignificant. (Redrawn from
Fan SLS, Kumar S, Cunningham J:
Long-term effects on bone mineral
density of pamidronate given at the
time of renal transplantation. Kidney
Int 2003;63:2275-79, with permission
of Blackwell Publishing.)
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transplantation as compared with placebo.119 This may
be due to the administration of pamidronate as early as
3 months before transplantation in some patients.
Alternatively, pamidronate might have prevented the
increase in bone turnover that occurs in untreated
patients after liver transplantation, as demonstrated by
paired histomorphometry studies.93 In a study of renal
transplant recipients, repeated doses of intravenous
pamidronate preserved vertebral BMD during treatment
and 6 months after cessation of treatment. However,
pamidronate treatment was associated with the develop-
ment of adynamic bone histology (Figure 23-12), and no
significant difference in the incidence of fractures was
noted between the two groups in the study.120

Alendronate use (10 mg daily) significantly reduced
bone loss at the femoral neck and lumbar spine in
heart transplant recipients compared with an
untreated reference group. However, alendronate was
not significantly different than calcitriol (0.5 μg
daily).89 In renal transplant recipients, alendronate
started immediately after grafting reduced bone loss in
a nonrandomized study.121

Cyclical etidronate has been studied extensively but
has fallen out of favor since the introduction of newer,
more potent bisphosphonates. Two 4 mg IV doses of
zoledronic acid given to 20 patients at 2 weeks and
3 months after renal transplantation led to higher bone
mineral density values than placebo at 6 months but
not at 3 years.122 Another bisphosphonate not yet
approved for the treatment of osteoporosis in the
United States has also been studied. Ibandronate given
intravenously with calcium had protective effects on
BMD in liver123 and kidney transplant recipients124 as
compared with calcium supplementation alone.
However, no fracture data are available.

In summary, oral and intravenous bisphosphonates,
in conjunction with calcium and vitamin D, are effective
in preventing post-transplantation bone loss when
administration is started shortly after grafting. The opti-
mal dose, timing, and frequency, particularly of intra-
venous bisphosphonate administration, remain to be
determined. No reports to date demonstrate unequivo-
cal protection from fractures. Their use after pediatric
transplantation and in patients with poor renal function
should be considered carefully. Finally, the risk of
inducing or prolonging adynamic bone disease in renal
transplant recipients, especially with repeated dosing,
must be kept in perspective. However, we recommend
their use after renal transplantation, at least for the first
year when rates of bone loss are most rapid.

Treatment of Bone Loss in Long-Term
Transplant Recipients
Despite the evidence for benefit of antiresorptive ther-
apies instituted shortly after transplantation, many
transplant recipients do not receive such therapies and
have established osteoporosis and/or persistent ongo-
ing bone loss. Several studies have examined treatment
options for these patients.

Vitamin D Metabolites
One study has shown that calcitriol therapy (0.5 μg
daily) is superior to calcium therapy alone in preserving
lumbar spine bone mass in renal transplant recipients
who were started on treatment approximately 3 years
after grafting.125 In another report of renal transplant
recipients, on average 10 years after grafting, calcitriol
(0.25 μg daily) and calcium did not significantly im-
prove BMD compared with no treatment.126 Similarly,
calcitriol treatment did not result in additional
improvement in lumbar spine BMD compared with cal-
cium supplementation alone in two studies of cardiac
transplantation recipients enrolled at 6 months127 or 35
months128 after grafting, although the interpretation of
these two studies is confounded by the use of concomi-
tant hormone therapy replacement in hypogonadal
patients.

Calcitonin
Although ineffective in preventing early bone loss, cal-
citonin may have some benefit in the later post-trans-
plant period in liver129 and renal130 transplant
recipients and can be considered a safe alternative if
other agents are contraindicated or poorly tolerated.

Bisphosphonates
Pamidronate (30 mg IV every 3 months for 2 years)
was studied in 13 cardiac and 21 liver transplant recip-
ients with osteoporosis, approximately 2 years after

Hyperparathyroid

Mixed

Adynamic

Baseline biopsy

Hyperparathyroid

Mixed

Adynamic

6-month biopsy

Figure 23-12. Distribution of bone histomorphometry in renal
transplant recipients treated with 60 mg of pamidronate within
48 hours after transplantation followed by 30 mg at months 1,
2, 3, and 6 or placebo. Data based on six patients who received
pamidronate and eight patients receiving placebo. (Data from
Coco et al.120)



transplantation. Significant gains in lumbar spine and
femoral neck BMD were noted compared with histor-
ical controls.131 Therapy with 1 year of oral clodronate
(1600 mg daily) initiated 6 months after transplanta-
tion in 64 cardiac transplant recipients with low BMD
induced a significant increase in lumbar spine BMD at
1 year.132 In renal transplant recipients with low bone
mass, cyclical therapy with clodronate used at lower
doses (800 mg daily) did not result in significant
changes in spine BMD compared with calcium
alone.130

Alendronate (10 mg daily) started approximately
5 years after renal transplantation grafting resulted in
significant gains in BMD; again, the number of patients
included was too small to show significant fracture
prevention data.133 In two other reports of long-term
renal transplant recipients, alendronate resulted in 
significant increases in femoral neck and lumbar
spine BMD.134,135 In these two studies, the increase in
bone mass was not different between alendronate and
calcitriol.134,135

In another study of 58 long-term kidney transplant
recipients more than 1 year after grafting, patients
were divided into a group at high risk for bone loss or
a low-risk group based on bone mineral density and
markers of bone turnover.136 The low-risk group was
followed untreated and did not lose any further bone
mass at the lumbar spine or femoral neck at 1 year. On
the other hand, in the group with high bone turnover
and osteoporosis or osteopenia, alendronate therapy
(10 mg daily) decreased the rate of bone loss and
increased bone mass over 1 year of treatment.136

Although uncontrolled, this study may be helpful in
guiding the treatment of long-term transplant recipi-
ents and in identifying those who may benefit from
bisphosphonate therapy beyond the first post-trans-
plantation year, when bone loss and fracture rates are
highest.

Gonadal Hormone Replacement
Replacement of sex steroids is known to increase
BMD in hypogonadal women and men with osteo-
porosis, although limited published information is
available on transplant recipients. Transdermal estra-
diol was shown to improve lumbar spine and femoral
neck BMD in an uncontrolled study of 18 post-
menopausal liver transplant recipients followed for
2 years.137 In another uncontrolled report, testos-
terone replacement, started 6 months after cardiac
transplantation in hypogonadal men who were also
receiving calcium and vitamin D, stabilized BMD at
the lumbar spine within 24 months.128 Risks associ-
ated with gonadal replacement138,139 should be kept in
perspective when considering this modality in trans-
plant recipients.

Other Strategies for Prevention and
Treatment of Bone Loss in Transplant
Recipients
Parathyroid Hormone
Recombinant human PTH (1-34) is the only anabolic
agent currently approved in the United States for the
treatment of postmenopausal osteoporosis. It has been
shown to improve BMD in patients with glucocorti-
coid-induced osteoporosis after 1 year of treatment,140

and its effects appear to be sustained after its discon-
tinuation in postmenopausal women receiving estro-
gen.141 In the future, PTH may have a role in the
treatment of transplantation osteoporosis, although its
usefulness may be limited because of the secondary
hyperparathyroidism that is commonly observed in
long-term transplant recipients.

Glucocorticoid-Free Regimens
Glucocorticoids have been associated with several side
effects in transplant recipients and are believed to play
a major role in transplantation-related osteoporosis.
This has led different investigators to evaluate
immunosuppressive regimens that minimize exposure
to glucocorticoids by tapering them more rapidly and
eventually withdrawing them.142 Glucocorticoid with-
drawal accelerated the recovery of bone mass in 41
liver transplant recipients, compared with 28 patients
from the same center in whom prednisone was contin-
ued (Figure 23-13).143 Similar findings were reported
in renal transplant recipients in whom prednisone
was withdrawn 3 months after transplantation.144

However, a meta-analysis evaluating the effects of
prednisone withdrawal suggested that the occurrence
of acute rejection and graft loss was greater than that
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Figure 23-13. Serial bone mineral density measurements
expressed as Z-scores (age- and sex-adjusted) of lumbar spine
BMD in liver transplant recipients. Circles denote patients
withdrawn from prednisone (n = 41); squares denote patients
continued on prednisone (n = 28). Compared with baseline: 
*P < .01, **P < .001; between groups: *** P < .05. (Redrawn from
Martinez G, Gomez R, Jodar E, et al: Long-term follow-up of
bone mass after orthotopic liver transplantation: effect of
steroid withdrawal from the immunosuppressive regimen.
Osteoporos Int 2002;13:147-50. © Springer 2002.)
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in control patients, dampening the enthusiasm for this
practice.145 Combining drug regimens using newer
immunosuppressant agents with either glucocorticoid
avoidance or more rapid dose-tapering needs further
study and more long-term data before this can become
a standard of care.

Calcineurin Inhibitor–Free Regimens
Minimizing the use of calcineurin inhibitors could
potentially reduce the incidence of acute and chronic
nephrotoxicity and minimize the occurrence of risk
factors for cardiovascular disease such as hypertension
and hyperlipidemia.146 The results of protocols using
calcineurin inhibitor–sparing regimens are inconclu-
sive, and no specific data are available regarding the
bone-sparing effects of such strategies.142

CONCLUSIONS

Fractures occur commonly after solid organ transplan-
tation. Multiple interrelated factors contribute to the
pathogenesis of osteoporosis in transplant recipients,
including pretransplantation bone disease, immuno-
suppressive drugs, and lifestyle factors. Because bone
loss and fracture incidence are greatest immediately

after transplantation, early recognition of risk factors
and rapid institution of preventive measures are needed
to diminish the occurrence of fractures. Effective thera-
pies incorporate pretransplant measures to treat preex-
isting bone disease and post-transplantation measures,
including exercise, calcium and vitamin D repletion,
and administration of antiresorptive agents initiated
before or shortly after transplantation to counter the
rapid bone loss induced by glucocorticoids. The opti-
mal dose, timing, and frequency of administration of
these therapies remain to be determined. At present,
most controlled trials lack sufficient statistical power to
demonstrate efficacy for fracture prevention.

In the past decade, the wider recognition of trans-
plantation-related osteoporosis may have led to a
decrease in the risk of fractures in the individual
patient. Nonetheless, this progress may be offset by the
rapid increase in the number of organs transplanted
and the improved survival of transplant recipients,
which ultimately puts a greater number of individuals
at risk for transplantation-related osteoporosis. Even
today, fracture rates remain unacceptably high in
transplant recipients, necessitating continued vigilance
on the part of organ transplantation programs to
address a common complication of these procedures.
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Osteoporosis and related fragility fractures are fre-
quently reported among rheumatic patients and con-
tribute to a dramatic worsening of their quality of life.
Bone has been recognized to be negatively affected
by the disease process and often by the therapy itself
in many rheumatic conditions such as rheumatoid
arthritis, systemic lupus erythematosus, ankylosing
spondylitis and spondyloarthritides, various connec-
tive tissue diseases, and polymyalgia rheumatica. The
clinical relevance of this issue is still underestimated,
and most patients do not routinely undergo bone den-
sitometry or receive prescription medications for
osteoporosis in everyday clinical practice.1 This reflects
an insufficient appreciation of this clinical challenge by
most physicians and a general lack of consensus on
appropriate screening and treatment for osteoporosis
in rheumatic diseases. This chapter focuses on the bur-
den of osteoporosis and fragility fractures in different
rheumatic conditions and aims at emphasizing the
importance of this complication for which, nowadays,
effective preventive measures are available. Greater
understanding of this problem will improve the qual-
ity of health care and the lives of rheumatic patients.

RHEUMATOID ARTHRITIS

Epidemiology of Osteoporosis 
in Rheumatoid Arthritis
Involvement of bone in rheumatoid arthritis (RA) was
first described by Barwell in 1865.2 Since then, it has
been well known that both generalized and juxta-
articular osteoporosis can occur in RA. The magnitude
of generalized osteoporosis in RA is difficult to assess,
and available data come from cross-sectional studies
aimed at evaluating the prevalence of this complica-
tion. In comparing different studies, it is important to
recognize potential problems in data interpretation
due to variations in inclusion criteria and the diverse
methods and sites of bone density measurements. In a
large review published in 1996, based on analyses of 10
cross-sectional studies, including fewer than 100
patients each and performed by different techniques,
including single- and dual-photon absorptiometry and
quantitative computed tomography (QCT), the only
conclusion reached was that patients with RA had
lower bone mass than normal control subjects in the
appendicular and axial skeleton.3 More recently, the
results of larger cross-sectional studies that used dual-
energy x-ray absorptiometry (DXA) have become
available, leading to more precise information. In a
large cross-sectional study performed on 925 consecu-
tive female patients with RA (73% of whom were post-
menopausal) recruited in 21 Italian Rheumatology
Centers, the frequency of osteoporosis assessed by
DXA was as high as 28.8% at the lumbar spine and
36.2% at the femoral neck and increased linearly by
Steinbrocker functional stage I to IV. Patients with ver-
tebral or femoral osteoporosis had a significantly lower
body mass index, a significantly longer disease dura-
tion, and a significantly higher grade of disability com-
pared with nonosteoporotic subjects, even after
adjusting for age.4 Because these data reflect the preva-
lence of osteoporosis in a series of patients referred to
rheumatological units, it is possible there was selection
bias. Avoiding this problem, a large cross-sectional
study was performed in Norway in 394 women with
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SUMMARY

Local and generalized osteoporosis and related
fractures are frequently encountered in rheumatoid
arthritis, but also increasingly recognized in other
rheumatic disease states, including systemic lupus
erythematosus, ankylosing spondylitis, the
spondyloarthritides and polymyalgia rheumatica.
The causes are multifactorial, but they include the
underlying inflammatory process, consequent
reduced mobility, and secondary to therapy,
especially corticosteroids. The clinical relevance of
this issue is still underestimated and many patients
do not undergo bone densitometry or receive
medications for osteoporosis. This chapter outlines
what is known about the epidemiology of
osteoporosis in different rheumatic diseases with a
special emphasis of risk factors and management.



RA aged 20 to 70 years, recruited from a validated RA
register containing both mild and severe cases and sug-
gested to be representative of the total RA population
in the county.5 In this study, the prevalence of osteo-
porosis in the whole sample was somewhat lower
(16.8% at lumbar spine and 14.7% at femoral neck)
but was as high as 31.5% and 28.6% for lumbar spine
and femoral neck, respectively, in older age groups
between 60 and 70 years of age. In this study, a twofold
increased frequency of osteoporosis was observed in all
age groups compared with the reference population.

Data on the prevalence of osteoporosis in men with
RA are scanty. A study performed on 50 consecutive
men with a median age of 67 years affected by long-
standing RA reported a prevalence of femoral and
lumbar osteoporosis of 29% and 19%, and the occur-
rence of reduced bone mineral density (BMD) was
independent of blood testosterone concentrations.6 In
another study performed on 104 male RA patients, the
overall prevalence was lower, between 10% and 13%,
but increased to 42% when considering any site of
measurement in older groups aged 60 to 69 years.7

Another cross-sectional study that included 94 male
patients with RA explored the overall frequency of
reduced BMD (defined as a Z-score ≤1 standard devi-
ation below the mean value in age-matched control
subjects) and reported a twofold statistically significant
increased frequency of patients with reduced bone
mass for both the spine and the hip. In this study, mul-
tivariate analysis did not reveal consistent associations
between reduced BMD and demographic or disease-
related variables.8

As for primary osteoporosis, BMD in patients with
RA is under multifactorial influence. Cross-sectional
studies provide important information about the roles
of time-invariant factors as determinants of osteo-
porosis in RA. The main studies conducted in this field
using multivariate analysis models are in substantial
agreement, indicating that age, body weight or body
mass index, physical disability as measured by the
Health Assessment Questionnaire (HAQ), and meno-
pausal status are the most important independent sta-
tistically significant predictors of BMD or osteoporosis
in women with RA either at the lumbar spine or prox-
imal  femur.4,5 On the other hand, physical activity, as
assessed by the Framingham activity index, correlated
significantly with BMD in patients with RA and was
found by multiple regression analysis to be a signifi-
cant independent predictor of femoral bone density in
111 female patients.9 These results have recently been
confirmed by a study assessing the relationship
between bone density and muscle function, indicating
that after adjustment for confounding covariates,
women with RA with reduced BMD of the femoral
neck (e.g., T-score < −1) had a 20% lower quadriceps

strength than those with normal BMD.10 In agreement
with other studies indicating the relationship between
BMD and surrogate measures of physical perform-
ance,11-14 these data underline the importance of mus-
cle strengthening training programs in the prevention
of bone loss in patients with RA.

An even more intriguing question addressed by most
cross-sectional studies relates to the roles of
antirheumatic therapies as determinants of BMD and
osteoporosis in patients with RA. In this respect, inter-
pretation of studies in patients taking low-dose oral
corticosteroids is difficult because of the number of fac-
tors involved that can influence BMD in these patients.
In general, patients taking steroids are likely to have
more severe disease and to be more disabled, which act
as confounders. Two cross-sectional studies performed
by dual-photon absorptiometry failed to demonstrate a
statistically significant difference in terms of spinal or
femoral BMD between RA women on corticosteroids
and non-steroid–treated patients, concluding that low-
dose prednisolone (mean daily dose between 6.6 and
8.5 mg) was not associated with an increased risk of
osteoporosis.15,16 Subsequent studies using QCT or
DXA have given discrepant results. In a cross-sectional
study of 74 patients with RA, patients taking oral corti-
costeroids had a 31% and 37% reduction in spinal tra-
becular and cortical BMD, respectively, compared with
patients who did not undergo steroid treatment.17 A
DXA study performed on 195 postmenopausal patients
with RA showed that current steroid usage led to a sig-
nificant reduction in BMD and that both low and high
cumulative dose groups were at risk for decreased BMD
as compared with ex-user or nonuser counterparts.18

Conversely, a recent cross-sectional study performed by
DXA on 146 female patients with RA came to the con-
clusion that long disease duration, severity of disease,
and decreased lean body mass but not corticosteroids
were associated with generalized osteoporosis.19 These
results were confirmed by others using skeletal ultra-
sonography.20 In another study performed on 120 post-
menopausal elderly women, the subjects who were
current users of steroids had the lowest BMD at the dis-
tal forearm and calcaneus and at the hip, but functional
outcomes of RA largely accounted for these results.21

On the other hand, two large cross-sectional studies
found that current use of steroids is an independent
predictor of reduced lumbar and femoral BMD5 and of
osteoporosis4 and that a low-dose steroid regimen (cur-
rent dose of 5.5 ± 4.5 mg in prednisone equivalent) was
associated with a 50% increase of the risk for osteo-
porosis.4 In the Norwegian study cohort, the prevalence
of osteoporosis at the lumbar spine increased from
8.6% in never users to 10.1% in previous and to 26.6%
in current steroid users.5 These results are in agreement
with data from a recent meta-analysis on the skeletal
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effect of corticosteroids, which found strong correla-
tions between cumulative doses of oral steroids and loss
of BMD and between daily dose and the risk of fracture
independent on underlying disease, age, and gender,
leading to the conclusion that oral corticosteroid treat-
ment using more than 5 mg of prednisone daily is asso-
ciated with reduced BMD with a rapid increase in the
risk of fracture during the treatment period.22 Finally, it
has recently been demonstrated in a randomized
placebo-controlled trial in healthy postmenopausal
females that prednisone 5 mg/day rapidly and signifi-
cantly suppresses multiple indices of bone formation,23

suggesting that even low doses may have adverse effect
on bone mass and/or bone strength in some patients.
Table 24-1 summarizes the main results obtained in the
largest cross-sectional studies on the role of cortico-
steroids on bone mass in RA.

Different from cross-sectional studies, longitudinal
surveys of osteoporosis in RA provide information on
time-variant factors influencing bone mass. An impor-
tant observation from these prospective studies is that
patients of both sexes with RA effectively lose bone: in a
population-based cohort of 366 patients with RA receiv-
ing conventional health care, the mean BMD reduction
over 2 years ranged from −0.29% at the spine to −0.77%
at the total hip. In this study, treatment variables had
important effects on bone loss, with the use of cortico-
steroids being independently associated with increased
risk for BMD loss at the total hip (OR, 2.63) and at the
lumbar spine (OR, 2.70) and current use of antiresorp-

tive drugs (including hormone replacement therapy,
bisphosphonates, and calcitonin) being associated with
a decreased risk of bone loss at total hip (OR, 0.43).24

The second message coming from these studies relates
to the timing of bone loss and strongly suggests that
bone loss in RA is an early phenomenon. In one study of
67 subjects with non-steroid–treated RA of less than 5
years’ duration, patients with disease duration of less
than 6 months had significantly greater loss of BMD at
the femoral neck than the remainder of the cohort over
a 12-month period.25 However, the most important
observation was the detrimental effect of uncontrolled
disease activity on bone loss. A persistently elevated
acute-phase response assessed by C-reactive protein lev-
els was the single best predictor of BMD over 2 years in
148 patients with early RA,26 and suppression of disease
activity stabilized this bone loss. Differences in disease
activity could explain the apparent lack of any detri-
mental effect of corticosteroids on bone in this series of
early RA patients in which the adverse effect on bone
may be outweighed by an improved disease control by
these hormones. In this perspective, suppression of dis-
ease activity probably remains the main concern when
considering treatment options for osteoporosis in RA.
This issue has been addressed by few studies showing
that early treatment with disease-modifying drugs has a
significant sparing effect on metacarpal osteoporosis in
RA27 and that control of disease activity in a group of
patients with active RA starting on disease-modifying
drugs can limit disease-associated bone loss assessed by

TABLE 24-1 EFFECTS OF LOW-DOSE CORTICOSTEROIDS ON BONE MINERAL DENSITY IN RHEUMATOID ARTHRITIS

Study Patients, Menopausal Current use of Role of 
n (sex) Status Corticosteroids (%) Corticosteroids

Hall et al.,199318 195 (F) All post 21 Cumulative dose was a significant
determinant of reduced BMD at the hip

Lane et al., 199521 120 (F) All post 17.5 Lower appendicular and axial bone mass
in current users

Haugeberg et al., 20005 394 (F) 66% post 40.5 Current use was a predictor of BMD at
femoral neck and lumbar spine

Haugeberg et al., 20008 94 (M) — 49.5 Current use nonsignificant

Sinigaglia et al., 20004 925 (F) 73.3% post 68.2 Use significantly associated with the risk
for osteoporosis

Sambrook et al., 200120 76 (67 F/9 M) Not reported 52.6 Use associated with small but
nonsignificant reduction in BMD

Shibuya et al., 200219 146 (F) All post 33.6 Administration had no effect on BMD

Tengstrand et al., 20027 104 (M) — 36 No correlation between BMD and
treatment

Lodder et al., 200431 373 (288 F/85 M) 63.5% post 7.9 Use not independently associated with
BMD

F = female; M = male; post = postmenopausal.
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DXA.28 Recently, aggressive treatment with a tumor
necrosis factor-α blocking agent in RA of less than 12
months’ duration has been shown to exert a protective
effect against bone loss at the hip in a small group of
patients over 54 weeks.29

Several studies have underlined the association
between low bone mass and radiographic damage, sug-
gesting a common mechanism for local and general-
ized osteoporosis in RA.30 In a study of 925 women
with RA, the presence of erosions was associated with
a higher prevalence of osteoporosis at lumbar or
femoral sites.4 Subsequent cross-sectional studies have
confirmed these results, indicating that the presence of
erosions and high Larsen scores in the hands and feet
were significantly associated with low BMD in subjects
of both sexes.7,31,32 Similar results have also been
reported in a recent prospective study, demonstrating
that BMD was significantly correlated with Larsen
scores both at baseline and after 2 years of disease in
134 women with early RA,33 thus supporting the
central role of increased osteoclastic activation as a
common pathophysiological mechanism leading to
secondary osteoporosis in RA.34 To strengthen this
link, it has been recently reported that an increased
urinary level of CTX-I, a marker of degradation of type
I collagen in bone, was an important predictor of new
joint damage over a 4-year follow-up period (RR, 15)
in patients with very early RA in whom no joint dam-
age could be detected radiographically at baseline.35

Finally, in a multicenter study performed in three geo-
graphically closely related European countries on 150
women with long-standing RA, multiple regression
analysis showed that Larsen score was the independent
determinant of vertebral deformities after correction
for center, age, body mass index, and BMD.36

Fractures in Rheumatoid Arthritis
Several reports indicated that fracture risk is increased
in patients with RA. The first population-based study
directly estimating fracture risk among RA patients
was published 20 years ago and reported relative risk
estimates achieving statistical significance only for
pelvic fractures (RR, 2.56) and for proximal femur
fractures (RR, 1.51).37 In this study, no relative risk for
vertebral fractures could be calculated because of the
absence of incidence rates allowing the determination
of the expected number of fractures. Ten years later,
the morphometric profile of spine radiographs in 76
postmenopausal women with steroid-treated RA was
compared with a sample of age-matched women from
a population-based group observed that vertebral frac-
ture risk was considerably increased in RA, particularly
in younger women aged 50 to 59 years, with an odds
ratio for the whole population as high as 6.2.38 A recent

study also demonstrated that patients with RA have
more vertebral deformities than population-based
control subjects, with a significant difference between
patients and control subjects when multiple (OR, 2.60)
and moderate or severe deformities (OR, 2.00) were
considered.39 In a population-based, case-control
study performed on 300 consecutive patients with hip
fracture compared with age- and gender-matched
community control subjects, the crude risk of hip frac-
ture was approximately doubled among patients with
RA and was markedly increased with increasing func-
tional impairment.40 More recently, a study performed
in Finland assessing the prevalence of RA in patients
with hip fractures reported an age- and gender-
adjusted risk for hip fracture of 3.26 in 29 patients with
RA.41 Similarly, an odds ratio of 9.0 for self-reported
hip fracture has been found in a cross-sectional case-
control study of 249 RA patients.42

Factors associated with fractures in RA have been the
object of several studies. In a prospective study of 1110
patients of both sexes with RA, followed for 8.4 years,
variables associated with fracture were years taking
prednisone, previous diagnosis of osteoporosis, a high
disability index, older age, and little physical activity.43

With respect to vertebral fractures, data from recent
cross-sectional studies indicate that the presence of
vertebral deformity was independently associated with
age, longer than 12-month corticosteroid use, a history
of nonvertebral fracture, and low total hip bone
mass.44

Few studies have addressed the issue of falls in
patients with RA. In a cross-sectional study in which
fall risk factors were used as surrogates, fall-related risk
factors predictive of hip fracture were three times more
prevalent in RA patients than in the control subjects.
The most significant association with fall risk was level
of disability and the tender joint count.45 In another
study focused on fear of falling among RA patients,
predictors for fear of falling and the major correlates
for falls included greater pain intensity, lower func-
tional status, and the number of comorbid conditions
accompanying RA.46

Another question relates to the cost-effectiveness of
the process of identification of patients with RA at risk
for osteoporosis. Attempts have been made to create a
clinical algorithm to select postmenopausal women
with RA for bone densitometry with the aim of estab-
lishing a treatment threshold. A five-item criteria set
based on age (>50 years), weight (<60 kg), inflamma-
tion (as assessed by erythrocyte sedimentation rate and
C-reactive protein levels), immobility (defined as
HAQ score of 1.25), and ever-use of corticosteroid
tested in a cohort of patients believed to be representa-
tive of the entire RA population, appeared to provide



a practical tool to identify patients with RA who should
have a DXA measurement performed, with a sensitiv-
ity of 83% and a specificity of 45%.47

SYSTEMIC LUPUS ERYTHEMATOSUS

Epidemiology of Osteoporosis in Systemic
Lupus Erythematosus
Improvement in the survival rates of patients with sys-
temic lupus erythematosus (SLE) achieved over the last
few decades has directed attention to the morbidity
associated with the disease and its treatment in long-
term survivors. Increasing interest has focused on bone
loss in these patients, and an increasing number of
studies have been published recently on osteoporosis
in SLE patients.

Pathogenetically, SLE could result in bone loss
through several mechanisms, which in part depend on
the disease itself and in part are treatment related (Table
24-2). Disease-dependent mechanisms include reduced
physical activity secondary to long-standing disabling
arthritis or myopathy, renal failure, endocrine dysfunc-
tion, and the systemic effect of proinflammatory bone
resorbing cytokines. Besides corticosteroids, which are
one of the mainstays of treatment in SLE, several other
medications can contribute to bone loss in these patients,
such as azathioprine, cyclophosphamide, cyclosporine,
and long-term use of anticoagulants. In addition,
reduced sunlight exposure can induce vitamin D defi-
ciency, thus contributing to reduced bone strength.48

In general, studies on bone mass in SLE have limita-
tions and are difficult to compare in that they have dif-
ferent research designs, use different techniques and sites
for measuring BMD, and include relatively small num-

bers of patients of both sexes, females either in the pre-
or postmenopausal state, and patients who had always or
never been treated with corticosteroids. The vast major-
ity of the studies published in the recent literature are of
the cross-sectional type and share further limitations,
because these observational models do not allow the
evaluation of risk factors for low bone mass such as dis-
ease activity, which may change over time. On the other
hand, the few longitudinal studies performed on patients
with long-standing disease may miss the effect of
chronicity and treatment on the individual’s bone
density. The main controversies among the above-
mentioned cross-sectional studies are related to the
prevalence of osteoporosis in SLE patients, and the
dependence or independence of this complication on
glucocorticoid use is under debate as well. With the
exception of the first study performed using DXA, in
which lumbar BMD values in a small sample of pre-
menopausal SLE patients were found to be comparable
with values in control subjects,49 all studies subsequently
performed using the DXA technique have found mean
BMD values in premenopausal SLE patients to be signif-
icantly lower than in control subjects, both at the lumbar
spine and at the proximal femur. In a study performed
on 47 premenopausal SLE patients, patients never
treated with glucocorticoids had a lower hip BMD than
control subjects, indicating that the disease per se may
induce bone loss.50 These data are consistent with a sep-
arate analysis of non-steroid-treated SLE patients
reported in the literature before 1996, in which a modest
loss of BMD was seen at the spine, hip, and forearm, sug-
gesting that osteopenia in SLE patients may be disease
related.51 Four studies failed to find any dependency of
low bone mass in SLE patients on corticosteroids.52-55

This conclusion was reached either by comparing BMD
values between patients who had or who had never been
treated with corticosteroids, or by examining correla-
tions between cumulative and current doses of pred-
nisone and BMD. However, the comparison between
steroid- and non-steroid-treated patients must be
regarded with caution, because SLE patients not requir-
ing steroids are likely to belong to a subset of patients
with milder disease. On the other hand, most subsequent
cross-sectional studies focusing on steroid treatment in
SLE have found that corticosteroids are the major deter-
minants of low bone mass in SLE patients. Pons and
coworkers56 found that lumbar and femoral BMD were
significantly lower in SLE patients treated with pred-
nisone doses of 7.5 mg/day or greater, with an overall
prevalence of osteoporosis as high as 18% in steroid
users. Another study in 97 SLE premenopausal patients
emphasized the role of corticosteroid exposure, report-
ing that cumulative steroid dose, duration of steroid
treatment, and the peak and current steroid dosages were
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TABLE 24-2 POTENTIAL MECHANISMS OF BONE LOSS 
IN SYSTEMIC LUPUS ERYTHEMATOSUS

Disease dependent
Reduced motility
Renal impairment
Endocrine factors

Amenorrhea
Premature menopause
Low plasma androgen levels
Hyperprolactinemia

Chronic induction of bone-resorbing cytokines
Treatment dependent

Long-term corticosteroids
Immunosuppressive drugs

Azathioprine
Cyclophosphamide
Cyclosporine

Chronic anticoagulation
Avoiding UV exposure



all significantly associated with low lumbar or femoral
BMD, even after controlling for disease-related variables.
The prevalence of osteoporosis in this study was 13.4% at
the lumbar spine and 6.3% at the hip.57 A study per-
formed on 84 premenopausal SLE patients found an
overall prevalence of osteoporosis as high as 22.6% and
demonstrated that SLE patients with osteoporosis had a
longer disease duration, higher cumulative steroid
intake, longer steroid exposure, and higher disease sever-
ity as assessed by the Systemic Lupus International
Collaborating Clinics/American College of Rheuma-
tology (SLICC/ACR) score. In a stepwise logistic regres-
sion analysis, 1 year of prednisone increased by 16% the
risk for osteoporosis.58 In another cross-sectional study
performed on a large group of 242 premenopausal SLE,
10.3% of patients were in the osteoporotic range and
exposure to prednisolone at a dose greater than 10 mg
daily was significantly associated with reduced BMD.59 In
this study, Afro-Caribbean race turned out to be protec-
tive against reduced BMD, in agreement with other
reports of a much lower prevalence of osteoporosis in
non-European SLE populations,54,60 possibly related to
interethnic differences. Finally, the most extensive report
of osteoporosis in SLE patients was published by Petri in
199561 as part of an update analysis on musculoskeletal
complications in the Hopkins Lupus Cohort. The sample
included 407 patients, but no data are reported on the
gender distribution or menopausal status. This study
found a strong association of BMD at the lumbar spine
with both the cumulative and the highest prednisone
doses. In the multiple regression model, SLE patients
who were older, were female (versus male), were white,
weighed less, had lower serum C4 levels, and had taken
prednisone in higher doses had lower BMD in the lum-
bar spine, and prednisone use remained an independent
predictor of lumbar BMD, even after adjusting for sig-
nificant covariates.

Taken together, data from cross-sectional studies
underscore the variable prevalence of osteoporosis in
premenopausal SLE patients and its link with disease
severity and corticosteroid treatment. A selection bias
in DXA referral could account at least in part for
prevalence data variability among different cross-sec-
tional studies. In a sample of 516 SLE women, the
group of patients referred for DXA scans were on aver-
age older, had increased lupus disease activity, and
used more immunosuppressants as compared with
female lupus patients who had not been referred for
bone densitometry.55 In the only study performed on
postmenopausal SLE patients, the prevalence of osteo-
porosis at the lumbar spine was as high as 48%.62

Few studies on bone mass in SLE have reported longi-
tudinal results. Formiga and coworkers63 repeated the
measurements of bone mass in 25 consecutive patients,
all of whom had continued on corticosteroid treatment.

After 18 months, there was no significant decrease in
BMD at the lumbar spine or the femoral neck. Similar
results were reported by another study in 21 SLE patients
after a 2-year follow-up period.64 In another follow-up
study of 32 SLE women, a daily dose of prednisone of
7.5 mg or greater was associated with a 1-year loss of
lumbar spine BMD not exceeding 0.5%.65 A small but
significant loss in the lumbar spine was detected after
1 year of observation in 20 younger patients affected with
juvenile SLE and treated with steroids.66

In summary, the results of these studies performed
on small groups of patients in different stages of dis-
ease indicate that the sequential loss of lumbar spine
and femoral neck BMD in premenopausal SLE patients
is minimal. However, as has been reported in RA,25

rapid bone loss may occur at the onset of the disease
and therefore can only be detected in an inception
cohort. A study performed on a small sample of pre-
menopausal women with a very short disease duration
showed a significant reduction of BMD at the lumbar
spine and at Ward triangle in SLE patients as com-
pared with age-matched healthy control subjects.67

Osteoporosis in men with SLE has received much
less attention than in women. This issue was specifi-
cally addressed in a study performed on 20 patients
and control subjects in which no significant decrease in
BMD was detected either at the lumbar spine or at the
femoral neck. The authors did not find any correlation
between androgen levels and BMD in this series and
concluded that on the basis of this preliminary study,
there is no evidence of bone loss in male SLE patients
on corticosteroid therapy.68

Fractures in Systemic Lupus
Erythematosus
Data on fractures in SLE are scanty. In the report pub-
lished by Petri, the total number of fractures was 32 in
364 patients, and 24 of these were defined as atrau-
matic. Predictors of fractures in this cohort included
age at the time of the study, the cumulative and highest
doses of prednisone, avascular necrosis of bone, post-
menopausal status, and the prior identification of
osteopenia on any x-ray.61 More recently, an extensive
retrospective population-based study on self-reported
fractures in 702 women with lupus followed for 5951
person-years stated that the fracture risk was increased
in the lupus cohort as compared with control women of
similar age, with a standardized morbidity ratio of 4.7
and a 95% confidence interval of 3.8 to 5.8. Variables
significantly associated with fracture were older age at
diagnosis, longer disease duration, longer cortico-
steroid exposure, less use of oral contraceptives, and
menopause. In the multivariate model, only older age
at lupus diagnosis and a longer duration of cortico-
steroid use were independent determinants of fractures
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in this population. Furthermore, in this study, almost
50% of fractures occurred in women with SLE who
were younger than 50 years of age or premenopausal.69

In conclusion, the high prevalence of osteoporosis
reported by most studies and the impressive increase
in fracture rate in SLE patients represent an important
challenge for clinicians. Strategies to counteract bone
loss in SLE must be applied soon after disease onset
and include effective treatment of the underlying dis-
ease, modification of any known risk factor for osteo-
porosis, use of corticosteroids at the lowest useful
dosage, and the pharmacological treatment of osteo-
porosis in all patients with evidence of rapid bone loss.

ANKYLOSING SPONDYLITIS

Ankylosing spondylitis (AS) is the prototypical disease
of a heterogeneous group of rheumatic disorders called
spondyloarthropathies that share as a common feature
a chronic inflammation of the axial skeleton. Despite
extraosseous new bone formation being considered a
hallmark of AS, osteoporosis is a well-recognized fea-
ture occurring even in early, mild forms of AS and lead-
ing to an increased rate of fractures. A radiographic
bone loss has long been recognized in predensitometric
studies70,71 in which osteoporosis correlated with dis-
ease duration and older age. Studies performed on
direct assessment of BMD by means of different bone
densitometry techniques have been extensively repor-
ted on in the last decades and yield inconsistent results
about the real prevalence of osteoporosis in AS patients,
probably depending on the different tools used for eval-
uating bone mass, the cut-off point chosen to define
osteoporosis, and some variables related to the disease
itself such as the mean age of patients, the disease dura-
tion, and the anatomical evolution of AS.

Taken together, all studies performed by DXA at
lumbar level revealed a decreased bone mass in early
AS, in patients with normal spine mobility and normal
or increased levels of exercise, before the radiological
appearance of syndesmophytes, interapophyseal joint
ankylosis, and ligamentous ossification.72,73 In the
same way, patients with a clinically mild disease with-
out a radiographic anatomical evolution showed a
reduced BMD despite a longer disease duration.74

These results suggest that in AS, bone loss occurs rap-
idly, involves trabecular bone,75 and does not result
from spinal stiffness or immobility. Nevertheless, most
studies demonstrate that cortical sites such as the
femoral neck show a reduced BMD with decreases that
appear to be inversely related to disease severity and
duration.73 However, femoral neck BMD reduction
seems to be difficult to assess in early disease,75 and the
effects of hip involvement by AS represent a variable
not evaluated in many studies. Femoral neck BMD in

men has been reported as around 10% lower than in
control subjects,72,76 with mean Z-scores of around 
−1.0.73,74 Conversely, a finding widely shared in cases
of advanced AS is a lumbar BMD that appears normal
or even increased in comparison, not only with BMD
of patients with early AS, but also with healthy control
subjects.77,78 This artifactual increase and the discrep-
ancy between lumbar and femoral neck BMD is due to
the anatomical progression of AS, with new bone for-
mation that masks trabecular bone loss.

Therefore, although lumbar DXA is the best tool to
identify and monitor patients with early or mild dis-
ease, alternative techniques have been proposed in
later stages. QCT allows a selective measurement of
vertebral trabecular bone and showed a striking reduc-
tion of bone mass also in patients with severe AS who
did not have decreased lumbar BMD values as assessed
by DXA.75,79,80 QCT, on the other hand, shows a con-
tinued steady bone loss along with the anatomical dis-
ease progression.80 However, the high costs and higher
radiation dose of this technique are regarded as disad-
vantages. Lateral lumbar scanning by DXA that isolates
the body of L3 vertebra from anterior and posterior
syndesmophytes and the ankylosed posterior elements
of the spine has also been demonstrated to be quite
sensitive in detecting bone loss in cases of long-stand-
ing AS,76,81 with a good correlation with femoral neck
BMD. However, its value remains to be determined
because of the lack of normative data, the higher pre-
cision error, and some technical difficulties that can
arise in severely kyphotic patients (superposition of
ribs or iliac crest).

Besides women included in mixed study
groups,73,79,82 two studies investigated BMD in female
samples,83,84 showing a lower reduction of bone mass,
probably due to a less active disease as is frequently
observed in female patients. Finally, patients with
spinal involvement associated with other spondy-
loarthropathies have often been included as small sub-
groups in larger samples of AS patients. In general,
these subjects show no differences in comparison with
patients without associated bowel disease, psoriasis,
and reactive arthritis, although a study of bone mark-
ers demonstrated some differences in bone metabo-
lism among spondyloarthropathies.85

Taken together, the results of all these studies are
consistent with a systemic process related to the disease
itself that affects bone metabolism, not only by changes
in mechanical stress related to spinal stiffness or
immobility as proposed for advanced AS. The few lon-
gitudinal studies on BMD demonstrated a greater bone
loss in patients with active disease and a correlation
between serum inflammatory parameters, bone
resorption markers, and decreases in BMD.86,87

Because of these issues, it is not surprising that the
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literature offers inconsistent results about the associa-
tion between osteoporosis and AS, with a prevalence
ranging from 18.7%88 to 42.8%.80

As a consequence of osteoporosis, vertebral com-
pression fractures are frequently reported in patients
with AS even if in clinical practice they are probably
underdiagnosed and often attributed to exacerbations
of the spondylotic process. It seems likely that different
methods used to define vertebral fractures and differ-
ences in patient selection are responsible for the wide
range of reported prevalence of vertebral fractures
(Table 24-3), as some anatomical findings related to
AS (spondylodiscitis or Romanus lesion) can give a
spurious appearance of vertebral wedging. Despite the
pathogenetic mechanisms that may involve the entire
skeleton through a systemic inflammatory process, an
increased rate of appendicular osteoporotic fractures
has never been reported, and vertebral fractures seem
to be the only clinical consequence of osteoporosis in
AS patients. The early increase of vertebral fracture risk
within 5 years of diagnosis of AS89 is consistent with
densitometric studies showing a significant bone loss
in early disease. Nevertheless, neither lumbar BMD
nor femoral BMD are good predictors of likelihood of
fracture,73,74 and this is probably related to the reported
bias in lumbar DXA measurement in advanced stages
and a lack of site specificity for femoral neck evalua-
tion. The only study able to quantify the fracture risk
in AS patients was published by Cooper and associ-
ates,89 who, through a retrospective population-based
study, showed an increased vertebral fracture risk as
great as 7.6 (95% CI, 4.3-12.6) in comparison with the
expected fracture incidence in the same community.

In general, vertebral fractures in patients with AS
occur with increasing age, disease duration, and sever-
ity of disease,73,74,89 showing the greatest prevalence
two to three decades after diagnosis. It is likely that
compression fractures contribute independently of the
severity of the disease to spinal deformity and less

mobility of the spine and chest. As regards the site of
vertebral fractures, midthoracic vertebrae and the dor-
solumbar area are most commonly affected.90

In addition to compression fractures, transverse and
transdiscal fractures may occur in advanced AS
patients91 also involving the cervical spine,92 with a
reported higher rate of neurological complications.93

Alterations in the pattern of mechanical stresses within
an ankylosed and rigid spine are considered responsi-
ble for this particular kind of vertebral fracture.

SYSTEMIC SCLEROSIS

Systemic sclerosis is a connective tissue disorder char-
acterized by fibrosis, degenerative changes, and vascu-
lar lesions of the skin with internal organ involvement.
Several studies have reported that systemic sclerosis is
associated with osteoporosis by different possible
pathogenetic mechanisms. Besides a chronic inflam-
mation state, a reduced bone mass in systemic sclero-
sis patients could be related to decreased physical
activity, low body mass index, earlier menopause,
decreased vitamin D synthesis in the fibrotic skin, and
involvement of the intestinal tract and kidneys that
may impair calcium metabolism. Moreover, even if
most patients are not usually exposed to cortico-
steroids, some manifestations of disease such as inter-
stitial lung disease, arthritis, myositis, and acute
pericarditis are commonly treated with corticosteroid
therapy. In the same way, cyclophosphamide fre-
quently prescribed to systemic sclerosis patients has
been associated with premature ovarian failure.96

To date, a review of the literature does not allow
definitive conclusions about an association between
systemic sclerosis and decreased BMD, or whether the
clinical features of systemic sclerosis such as disease
duration, extent of cutaneous involvement, internal
organ involvement, and subcutaneous calcinosis are
directly related to osteoporosis risk. Most investigations
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TABLE 24-3 PREVALENCE OF VERTEBRAL FRACTURES IN ANKYLOSING SPONDYLITIS

Study Number of Mean Age (y) Sex Ratio Disease Prevalence of 
Patients (Male/Female) Duration (y) Vertebral Fractures (%)

Hanson et al.70 50 Range, 29-75 40/10 ND 4
Donnelly et al.73 87 44 62/25 16 10.3
Mitra et al.74 66 44 66/0 9.8 16.7
Devogelaer et al.79 70 39 (male) and 60/10 15.4 (male) and 4.2

35 (female) 13.1 (female)
Toussirot et al.82 71 39 49/22 10.6 1.4
Cooper et al.89 158 33.8 121/37 ND 9.5
Ralston et al.90 111 41 98/13 17 18
Sivri et al.94 22 36 20/2 9.8 40.9
Baek et al.95 76 28 76/0 9.4 3.9



are retrospective, case-control studies involving small
samples with an insufficient power to detect variables
that have a real relationship with a reduced BMD. For
example, Di Munno and coworkers97 showed that
patients with diffuse scleroderma and longer disease
duration have lower BMD values with no correlation
between BMD and body mass index. Instead, Da Silva
and coworkers98 found no differences between diffuse
and limited disease. Frediani and coworkers99 did not
find any influence of disease duration on bone loss and
Sampaio-Barros and coworkers100 showed in 61 female
systemic sclerosis patients that body mass index was the
main variable influencing BMD. In the same way, inter-
nal organ involvement has been regarded as a factor
influencing BMD values by some authors,98 but has not
been related to BMD values by others.97 All these dis-
crepancies could be considered to result from patient
selection bias, since the most severe cases are more
likely to be influenced by other risk factors for osteo-
porosis such as inactivity, poor nutritional state,
chronic renal failure, and medications (corticosteroids
and cyclophosphamide).

In an attempt to find an altered bone metabolism in
systemic sclerosis patients, some studies have addressed
this issue by studying bone markers. Most of them did
not show changes in calcium metabolism or alterations
in bone markers even in patients with subcutaneous
calcinosis. The only bone marker that was reported to
be increased was urinary pyridine cross-links.101

However, it is still unclear whether this result is related
to a systemic impairment of collagen turnover and
fibrosis rather than an increased bone resorption.

Longitudinal studies will probably be able to confirm
the association between systemic sclerosis and low bone
mass, allowing clarification of whether the disease itself
is actually associated with an increased osteoporosis risk.

PSORIATIC ARTHRITIS

In contrast to RA, studies of skeletal involvement in
patients with psoriatic arthritis are scanty, probably
because osteoporosis is a less frequently recognized
feature in these subjects. Patients with axial involve-
ment have been included in study groups of AS
patients73,87,88 without reported differences in compar-
ison with other axial systemic sclerosis. With regard to
oligo/polyarthritic subsets, psoriatic arthritis is be-
lieved to be associated with periarticular bone loss
less severe than RA, as reported by radiological studies
on patients with established disease.102 Nevertheless, a
recent study that used DXA to quantify periarticular
BMD in patients with early disease showed no differ-
ences in periarticular bone loss in comparison with
RA patients, even if in patients with psoriatic arthri-

tis there was no association between the degree of
periarticular bone loss and the measures of joint
inflammation.103

Few studies have investigated generalized osteoporo-
sis in patients with psoriatic arthritis. Nolla and col-
leagues104 found no differences in lumbar and femoral
neck BMD in 52 patients with peripheral psoriatic
arthritis compared with control subjects. Contrasting
results have been found by Frediani and associates105

studying 186 patients with nonaxial psoriatic arthritis.
The prevalence of osteoporosis was 11% in young
women, 47% in postmenopausal women, and 29% in
men. Bone loss was more evident at the lumbar level in
young women, whereas a reduced femoral neck BMD
was detectable only in postmenopausal subjects. Besides
well-recognized risk factors for osteoporosis such as age,
years since menopause, and body mass index, the only
variable specifically related to disease that was found to
be predictive of osteoporosis risk was a disability index
related to articular function (HAQ score).

POLYMYALGIA RHEUMATICA

Polymyalgia rheumatica is an inflammatory disease
that affects an elderly population and is commonly
treated with corticosteroids. Some studies on
polymyalgia rheumatica patients have been designed
to address the effects on bone metabolism exerted by
low-dose corticosteroids, but the disease itself seems to
alter bone turnover, causing bone loss very early in the
disease, prior to treatment. Dolan and colleagues
showed increased levels of resorption markers that
correlated with pretreatment disease activity as meas-
ured by erythrocyte sedimentation rate and serum
interleukin-6, suggesting an effect of systemic inflam-
mation on bone turnover.106 Patients with a higher
acute-phase response at onset had reduced spine BMD
before the treatment and a greater bone loss at 1 year.
Moreover, by 24 months, as the steroid treatment was
reduced or stopped, bone mass improved. Another
longitudinal study showed different patterns of bone
loss in polymyalgia rheumatica patients with a faster
BMD decline in regions containing substantial
amounts of trabecular bone and a slower and progres-
sive bone loss at cortical sites.107

Considering these results, it seems difficult to distin-
guish the effects of corticosteroids from those of the
disease. Even if the degree of inflammation at presen-
tation suggests a role of the disease severity on the
development of osteoporosis, it is likely that steroid
treatment is the main determinant of bone loss in these
patients, taking into account the short time that usu-
ally elapses between the onset of polymyalgia rheumat-
ica and the start of steroid treatment.
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Bony remodeling is an ongoing process throughout
adult life that is tightly regulated by a balance of activ-
ity between osteoclasts that degrade bone and
osteoblasts that lay down new bony matrix. Bony ero-
sion and osteopenia result when the function of these
two critical cell types is “uncoupled” and osteoclast
activity is increased relative to new bone formation.1

Osteoclasts are specialized as the only bone-resorbing
cell type. Osteoclasts are differentiated from
hematopoietic myeloid precursor cells under the regu-
lation of specific cytokines, growth factors, and recep-
tor signals.2,3 It has become increasingly clear that
inflammatory signals mediated by immune cells and
cytokines also have significant influence over osteo-
clast differentiation and function. Inflammatory sig-
nals can have significant effects on osteoblasts and
other crucial cells in the bony microenvironment,
including synovial cells and chondrocytes, which may
further contribute to the uncoupling of bone degrada-
tion and formation activities.4-6 Thus, it has not been
surprising that osteopenia and periarticular erosion are
consequences in chronic inflammatory autoimmune
disease; however, inflammatory signals likely also play
a role in other types of bone loss such as post-
menopausal osteoporosis.7

Recent studies have demonstrated that osteoclasts
themselves express a number of immune receptors and
are regulated like related cells in the innate immune
system such as macrophages and dendritic cells.8 Other
cells in the innate immune system function as unique
sensors to respond to stress, infectious or inflamma-
tory changes in their microenvironment detected
through soluble mediators and intercellular interac-
tions. Although the innate inflammatory response is
critical to fully develop an adaptive immune response,
a consequence may be local tissue destruction at the
same time.9 Osteoclasts may function similarly, with
resulting bone loss or erosion as a consequence of their
activation as a part of the inflammatory response. As
we begin to further understand the complexity of these
interactions, it is likely that new points for therapeutic
intervention in the process of bone remodeling will be
identified that may be useful in autoimmune disease.

BONE LOSS IN AUTOIMMUNE DISEASE

Clinicians have long appreciated that patients with
chronic inflammatory autoimmune diseases can suffer
from both localized and generalized diffuse osteopenia
and localized bony erosive disease in some cases.4-6

Although at one time inflammation and bone loss were
believed to be mediated by completely separate path-
ways, it is now clear that the immune system and skele-
tal system share a variety of regulatory mechanisms.
Choi and colleagues10 first used the term osteoim-
munology to describe the study of the interrelationship
between inflammation and bone remodeling.
Osteoimmunology was first exemplified by studies
demonstrating the critical regulation of osteoclastoge-
nesis by cytokines produced by activated T cells:
RANKL (receptor activator of nuclear factor-κB lig-
and) and interferon-γ (IFN-γ).11 Although the degree
of inflammation and the severity of bony erosive
disease do not always completely correlate in human
disease, inflammatory cytokines and receptors are crit-
ical factors in regulating the activity of osteoclasts that
mediate disease.12 Bony erosions are seen in several
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SUMMARY

Inflammatory signals mediated by immune cells and
cytokines have significant influence over osteoclast
differentiation and funtion. Osteoclasts express a number
of immune receptors and are regulated like related cells
in the immune system, such as macrophages and
dendritic cells. Inflammatory signals can also affect
osteoblasts and other crucial cells in the bony
microenvironment including synovial cells and
chondrocytes, which may further contribute to the
uncoupling of bone turnover. Osteopenia and juxta-
articular erosion are consequences of chronic
inflammatory autoimmune disease, however
inflammatory signals appear to also play a role in
postmenopausal osteoporosis.
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types of inflammatory arthritis—rheumatoid arthritis,
psoriatic arthritis, and spondyloarthropathy—but
each disease appears slightly different by histopathol-
ogy, although each can result in bony destruction.6,13,14

Thus, distinct diseases and different pathways of
inflammation can lead to a similar pathological
process resulting in excessive activation of osteoclasts
near sites of inflammation.

RHEUMATOID ARTHRITIS

A significant consequence of rheumatoid arthritis
(RA) is the development of periarticular osteopenia
and focal erosions of the subchondral bone in joints
with inflammatory synovitis and pannus formation. In
cases of chronic synovitis and pannus formation, the
synovial lining layer, which is normally one to three
cells thick, becomes greatly hypertrophied (eight to 10
cells thick), with fibroblasts and macrophages as the
primary cell populations in this layer.15,16 Synovial cells
are often categorized as type A (macrophage-like) and
type B (fibroblast-like). The subintimal area of the
synovium, which merges with the joint capsule, nor-
mally has few cells, as this is where the synovial blood
vessels are located.16 In RA, the subintimal layer has an
intense cellular infiltrate with T and B lymphocytes,
macrophages and mast cells, and some new blood
vessel formation (angiogenesis).16 The proportion and
quantity of infiltrating inflammatory cells can vary
considerably. In RA, the pannus or hypertrophied 
synovium directly invades and leads to erosion of the
contiguous bone and cartilage. The hypertrophied
rheumatoid synovium begins its invasion of bone at
the sites of normal synovium attachment, which is
anchored to both sides of the joint.17,18 Erosions on
either or both sides of the joint are often seen radi-
ographically along with joint space narrowing indica-
tive of reduction of the volume of cartilage.19

Bony erosion is generally mediated by osteoclasts,
the only bone-resorbing cell type, and indeed osteo-
clast-like cells have been observed associated with
localized bone erosion in RA.20-22 Osteoclasts are
essential for bony erosions in a transgenic mouse
model for RA in which tumor necrosis factor (TNF)-α
is overexpressed.23 In the osteoclast-deficient cfos-/-

mice, the TNF-α–mediated arthritis shows synovial
inflammation but no bony erosions.23 Osteoclast-like
cells have been demonstrated in human RA tissue by
histopathological studies by light microscopy showing
multinucleated, tartrate-resistant acid phosphatase
positive cells at the bone-pannus interface.20 Electron
microscopy has demonstrated resorption bays typical
of osteoclastic activity in the subchondral bone of
metacarpal heads in areas of pannus invasion.22

Gravellese and associates21 have demonstrated the pres-

ence of multinucleated cells in resorption lacunae at sites
of subchondral bone pannus invasion. The osteoclast
phenotype was also demonstrated by in situ hybridiza-
tion showing the expression of genes associated with
mature functional osteoclasts (calcitonin receptor, tar-
trate resistant acid phosphatase, cathepsin K).21,24

OSTEOCLAST DIFFERENTIATION AND RANK

Osteoclasts develop from monocyte/macrophage pre-
cursor cells under the influence of multiple cytokines,
including macrophage colony-stimulating factor (M-
CSF), interleukin (IL)-1, transforming growth factor
(TGF)-β, IL-6, TNF-α, vitamin D3, parathyroid hor-
mone, and RANKL.2,3 Although each of these factors
regulates osteoclast development or function, either
directly or indirectly, only RANKL signaling through its
receptor RANK is absolutely required for osteoclasto-
genesis in vivo (Figure 25-1).25 RANKL,26 also known as
TNF-related activation-induced cytokine (TRANCE),27

osteoprotegerin ligand,28 and osteoclast differentiation
factor29 is a type II transmembrane protein (carboxy-
terminus outside the cell) that is present on the cell sur-
face of osteoblasts, bone marrow stromal cells,
fibroblasts, mammary epithelial cells, and activated T
cells. RANKL binds to its receptor RANK, also termed
TRANCE-receptor or osteoclast differentiation and
activation receptor, which is found on dendritic cells,
B cells, T cells, endothelial cells, fibroblasts, osteoclast
precursors, and mature osteoclasts.26 RANK is a mem-
ber of the TNF receptor superfamily, and RANKL, like
other TNF receptor ligands, is active as both a trimeric
transmembrane protein and a soluble monomer after it
is cleaved from the cell surface by the metalloprotease-
disintegrin TNF-α converting enzyme.31

Another TNF family member, osteoprotegerin
(OPG), inhibits osteoclastogenesis driven by
RANK:RANKL signaling by binding to both mem-
brane and soluble forms of RANKL, thus acting as a
decoy receptor for RANKL.28,29,32 OPG is produced by
bone marrow stromal cells, T- and B-cells, dendritic
cells, monocytes/macrophages, and megakaryocytes.
The expression of RANKL and OPG is highly modu-
lated by multiple osteotropic agents (Table 25-1), and
the molecular balance of RANKL, RANK, and OPG
profoundly affects bone remodeling.

The critical role of RANK signaling in normal bone
maintenance was revealed in mice genetically deficient
in RANK or RANKL that show severe osteopetrosis and
abnormal tooth eruption secondary to the total absence
of osteoclastogenesis.25,33,34 Additionally, these mice
lack lymph node development and have abnormal B-
and T-cell development, indicating the critical role of
RANK signaling in normal immune function.25,33

Conversely, mice deficient in OPG or transgenic mice
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TABLE 25-1 MODULATORS OF RANKL AND OPG EXPRESSION

RANKL OPG Studies

Estradiol No change Increased Hofbauer et al,114 Saika et al,182 Viereck et al183

Glucocorticoid Increased Decreased Yasuda et al,29 Brandstrom et al,184 Vidal et al,185 Gao et al186

Prostaglandin E2 Increased Decreased Brandstrom et al,184 Suda et al,187 Liu et al188

1,25 (OH)2 vitamin D3 Increased Increased Hofbauer et al,52 Mukohyama et al,189 Yasuda et al190

PTH Increased Decreased Lee & Lorenzo,191 Horwood et al193

PTHrP Increased Decreased Thomas et al194

IGF-1 Increased Decreased Rubin et al195

IL-1 Increased Increased Nakashima et al,196 Hofbauer et al,197 Dai et al198

IL-6 Increased No change Palmqvist et al,199 Kobayashi et al200

IL-11 Increased No change Nakashima et al,196 Ahlen et al201

IL-17 Increased Decreased Nakashima et al196

IFN-g Increased Increased Nakashima et al196

TNF-a Increased Increased Hofbauer et al,52 Dai et al198

TGF-b Decreased Increased Kobayashi et al,200 Ishida et al,202 Murakami et al,203 Kaneda
et al,204 Quinn et al,205 Thirunavukkarasu et al206

CD40L Increased Not tested Anderson et al,26 Yun et al207

BMP-2 Not tested Increased Hofbauer et al52

expressing RANK-Fc have profound osteoporosis with
increased osteoclastogenesis.30,35 The importance of
RANK signaling seen in mouse models is confirmed in
human states of inherited skeletal disease, including
familial expansile osteolysis or familial Paget disease, in

which mutations in the RANK that lead to constitutive
activation can drive abnormal bone remodeling and
osteoclast activity.36 Additionally, OPG gene mutations
leading to loss of function result in idiopathic hyper-
phosphatasia or juvenile Paget disease37-39 and OPG

Osteoblast/
stromal cells Osteoclast

precursor

OSCAR/FcRγ

PLCγ

TREM2/DAP12

Syk

TRAF6

c-FOS

NFATc1

c-fms

M-CSF

RANK

RANKL

Fusion
Migration
Resorption

Differentiation
Ca2+ signal

?

?

Integrins

Figure 25-1. Osteoclastogenesis.
Osteoclasts are derived from bone
marrow precursor cells in the
myeloid lineage. Mononuclear
precursor cells fuse to form
multinucleated osteoclasts during
differentiation. Macrophage colony-
stimulating factor (M-CSF) and
RANKL are essential stimuli for
osteoclastogenesis at a number of
steps. Mature osteoclasts are
characterized by a multinucleated
phenotype, with expression of
tartrate resistant acid phosphatase,
cathepsin K, αvβ3 integrin
(vitronectin receptor) and calcitonin
receptor.2,3 (See Color Plates.)

IFN = interferon; IL = interleukin; TGF = transforming growth factor; TNF = tumor necrosis factor.
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polymorphisms are associated with increased risk of
osteoporotic fracture in women and men.40

Although RANKL directly activates the osteoclast
and is required for normal osteoclast differentiation, it
also regulates immune cell effector function and pro-
vides a survival signal to monocytes and dendritic
cells.26,27,42 These findings may be significant in terms
of osteoclast recruitment during inflammatory states,
given that recent studies suggest that immature den-
dritic cells may transdifferentiate into osteoclasts
in vitro under the influence of RANKL and M-CSF.43

RANKL AND INFLAMMATORY ARTHRITIS

During states of acute or chronic inflammation such
as rheumatoid arthritis, activated T-cells may act as a
stimulus for osteoclastogenesis. This process is multi-
factorial, including T-cell production of RANKL as
well as other proinflammatory cytokines such as
TNF-α or IL-1.44 Co-culture of activated T-cells with
preosteoclasts can support osteoclastogenesis via 
T-cell production of RANKL in vitro, and injection
of activated T-cells in RANKL-deficient mice can res-
cue osteoclastogenesis.45 The importance of RANK
and osteoclasts in inflammatory arthritis was demon-
strated by the lack of development of bony erosions
in RANK/TRANCE-deficient animals in a serum
transfer model of inflammatory arthritis.46 Blockade
of RANKL via OPG treatment in transgenic mice
expressing human TNF-α, or in adjuvant induced
arthritis, also prevents erosive bone and cartilage dis-
ease, further supporting the role of proinflammatory
cytokines driving RANKL in vivo.45,47,48 TNF-α and
other inflammatory cytokines are produced by acti-
vated macrophages and activated T-cells in the RA
inflamed synovium.12,49-51 TNF-α is a strong stimulus
for the upregulation of RANKL expression by
osteoblast lining cells.52 Human studies reveal that
RANKL and OPG levels are markedly elevated in
patients with rheumatoid arthritis and that treatment
with anti-TNF-α leads to normalization.53 The suc-
cess of TNF-α blockade therapy in many patients
with RA has demonstrated the importance of this
cytokine on inflammatory synovitis. TNF-α blockade
has also been demonstrated to inhibit bony erosion,
although whether this outcome is due to the dimin-
ished inflammatory synovitis, the decrease in osteo-
clast precursors, or direct effects on osteoclast
differentiation and function is not completely delin-
eated.54,55 Many other cytokines are also known to
regulate both RANKL and OPG levels (see Table 25-1),
which directly stimulate or block osteoclast forma-
tion. Some of these cytokines may be of greater influ-
ence in the population of RA patients who do not
respond to anti-TNF-α therapy.

OSTEOPENIA AND OSTEOPOROSIS IN
RHEUMATOID ARTHRITIS

In the area of joints affected by chronic inflammatory
synovitis, periarticular osteopenia is a radiographic
feature common in RA. Histological studies of bone in
these areas demonstrate aggregates of inflammatory
cells (macrophages and lymphocytes) in the bone
marrow, an increase in osteoid surface area, and an
increase in resorption surfaces populated by osteo-
clasts.56,57 Thus, an increase in bony remodeling by
osteoclasts is observed without a corresponding
increase in osteoblast activity to form new bone.56,57

These areas lack direct synovial interaction with the
bone surface but are likely subject to the effects of
inflammatory mediators produced locally by inflamed
synovial tissue. Although local bone loss in distinct
areas of inflammation is prominent in RA, diffuse
bone loss resulting in generalized osteoporosis is also
common.58,59 Osteoporosis is observed in the vertebral
column and peripherally, predisposing to increased
risk of both vertebral and hip fractures.60,61 Multiple
factors may contribute to the generalized bone loss,
including lack of activity, glucocorticoid use, use of
immunosuppressive drugs, and estrogen loss.62 The
role of systemic cytokines such as IL-1, TNF-α, and
IL-6 has not been examined in the setting of general-
ized bone loss in RA. Interestingly, one histomorpho-
metric evaluation of bone in the absence of
corticosteroid use suggested that the primary defect is
a decrease in bone formation rather than increased
bony resorption.63 In contrast, studies examining uri-
nary biochemical markers of bone turnover suggest
that bone resorption is increased, which is associated
with disease activity.57,64 The discrepant findings may
be due to differences in patients, treatments, stage of
disease, or other variables, but they highlight the truly
multifactorial nature of generalized bone loss in RA. It
may be that in the more localized areas of bone loss
with marked synovitis and associated inflammation,
the direct effects of inflammatory mediators more eas-
ily predominate.

SPONDYLOARTHROPATHY

Spondyloarthropathies represent a distinct type of
inflammatory arthritis with the common clinical feature
being inflammation in the sacroiliac joints. Both acute
and chronic inflammations of other parts of the spine
and enthesitis or chronic inflammation at the sites of
tendon insertion into bone are generally seen in patients
with ankylosing spondylitis with some asymmetric
peripheral joint synovitis as well.65 Reactive arthritis
commonly demonstrates more prominent peripheral
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joint synovitis and occurs after extra-articular bacterial
infections of the urogenital and gastrointestinal tracts.66

These diseases also share the well-recognized association
with the class I MHC (major histocompatibility com-
plex) HLA B27 allele.66,67 Although potential roles for
HLA-B27 in inflammatory spondyloarthropathy in the
immune response have been extensively examined,13,67

the exact mechanism leading to the susceptibility for
these disorders remains undefined.

Spondyloarthropathies are distinct from rheumatoid
arthritis, given the presence of inflammatory enthe-
sopathy and the resultant progressive ossification of the
spine, and recent studies have demonstrated that
the peripheral synovitis also demonstrates distinct
histopathological changes compared with RA.68,69

Baeten and coworkers68 demonstrated that the synovi-
tis in peripheral joints is characterized by extensive
hypervascularity and the presence of specific macrophage
and T-cell subsets. CD163+ macrophages and local
production of soluble CD163 were associated with the
degree of inflammation in synovial tissue from spondy-
loarthropathy patients and not in RA patients. CD163
is a transmembrane scavenger receptor expressed on a
subset of activated macrophages. Interestingly, the
same subsets of macrophages and T-cells seen in syn-
ovial tissue were also identified in the gut mucosa in
patients with Crohn disease and spondyloarthropathy,
even without evidence of histological bowel wall
inflammation.70 This latter finding suggests that early
immune alteration of the gut may play a role in devel-
opment of the disease. CD163+ macrophages have been
demonstrated to release greater amounts of IL-1 and
TNF-α in vitro after lipopolysaccharide stimulation
than CD163− macrophages.71 Baeten and coworkers72

propose that neovascularization and recirculation of
specific inflammatory cells between the gut and syn-
ovium may be critical in the development of spondy-
loarthropathies. Macrophage-derived cytokines such as
TNF-α, INF-γ, and IL-10 are prominent in these
chronic disease states,73 and the described clinical bene-
fit of TNF-α blockade in these disorders clearly supports
a significant role for that cytokine in these diseases.74 An
unresolved issue remains how antecedent infection
induces inflammation and erosion in the sacroiliac
joints in the absence of viable organisms. Interestingly, a
recent study demonstrated that synovial fibroblasts
infected with Salmonella typhimurium could mediate
osteoclast differentiation and activation through regula-
tion of RANKL expression on the fibroblasts.75

A few studies have examined the histopathology of
the peripheral enthesopathy in spondyloarthropathy
patients.76-78 Ball76 reported that the affected entheses
showed multiple microfoci at different stages of the
inflammatory process with zones of healthy tissue. He
proposed that the initial inflammatory lesion appeared

to be an erosion in the adjacent subchondral bone. The
microfoci of inflammation contained lymphocytes and
plasma cells, in addition to scattered neutrophils. The
marrow spaces adjacent to the entheseal lesion were
abnormal, with central bone marrow edema, little
hematopoietic tissue, and fibrosis appearing like suba-
cute osteomyelitis.76,78,79 The erosive lesions appeared
to heal by reactive formation of new bone within the
fibrous connective tissue. The new bone filled the ini-
tial bony defect, forming a bridge to the ligament and
creating a new enthesis in effect.76 The factors leading
to targeting of the entheses in this process remain
undefined, but several have been proposed, including
mechanical loading leading to microtrauma, locally
triggered inflammation secondary to bacterial prod-
ucts, autoimmune response to entheseal fibrocartilage,
or a primary bone marrow disorder leading to the
development of localized sterile osteomyelitis.80,81

In cases of ankylosing spondylitis, diffuse bone loss
predominates at the spine, the area of predominant
inflammatory symptoms.82 Diffuse osteoporosis result-
ing in loss of bone strength in the area of ligamentous
calcification is now recognized as a significant feature in
progressive disease. Vertebral fracture rates in ankylos-
ing spondylitis have ranged from 4% to 18% in a num-
ber of studies,83-86 whereas peripheral fracture rates
were similar to the rate in the population at large.86 In
the ankylosing spondylitis patient, vertebral fractures
can lead to significant morbidity and mortality due to
neurological complications.87-90 Similar to RA, the dif-
fuse bone loss in patients with ankylosing spondylitis is
likely multifactorial, with many of the same contribut-
ing factors, but loss of mobility due to ankylosis may be
of greater significance. Several studies have demon-
strated increased urinary markers of bone turnover cor-
responding with serum markers of inflammation
(erythrocyte sedimentation rate, C-reactive protein)
and levels of proinflammatory cytokines.91 The diffuse
loss of vertebral bone associated with the excessive min-
eralization of the surrounding ligaments remains an
unexplained paradox, yet it is clear that both processes
progress in the presence of continuing inflamma-
tion.84,92,93 Consistent with this, TNF-α blockade has
been demonstrated to be effective in relieving symp-
toms and increasing bone density in ankylosing
spondylitis patients.94

PSORIATIC ARTHRITIS

Psoriatic arthritis is characterized by the presence of
both inflammatory skin and bone diseases and can phe-
notypically appear with a joint distribution pattern
similar to either rheumatoid arthritis or spondy-
loarthropathy.95 Interestingly, histopathological stud-
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ies of inflamed synovium have demonstrated that pso-
riatic arthritis synovitis shares features of synovitis
associated with spondyloarthropathies rather than
RA.68,96 The most prominent histopathological find-
ings in the psoriatic arthritis synovium were vascular
changes showing endothelial cell swelling, inflamma-
tory cell infiltration, and marked thickening of the ves-
sel wall.68,97,98 Synovial biopsies examined by blinded
observers demonstrated that tissue from psoriatic
arthritis patients had less thickness of the synovial lin-
ing layer and more hypervascularity than tissue from
RA patients.68 Although RA synovial tissue showed
more lymphoid aggregates and CD1a+ cells, a marker
for monocytoid dendritic cells, psoriatic arthritis tissue
showed greater macrophage and neutrophil infiltra-
tion.68 Immunohistochemical analysis of psoriatic
arthritis synovium demonstrates RANK-positive
perivascular mononuclear cells and osteoclasts as well
as high RANKL expression and high TNF-α expression
in the synovial lining layer.99,100 OPG expression was
observed to be confined to the endothelium; therefore,
the local RANKL/OPG ratio to which osteoclast pre-
cursors would be exposed was particularly high.99

The cytokine IL-18, a member of the IL-1 superfam-
ily, has been found in increased levels in serum and
synovial tissue in patients with psoriatic arthritis and
may play multiple roles in mediating disease.101 IL-18
is produced primarily by macrophages and is induced
by IL-1 and TNF-α. IL-18 can also stimulate angio-
genesis, upregulate chemokine expression on synovial
fibroblasts, and recruit mononuclear cells.102

Psoriatic arthritis is also known for particularly
aggressive bony erosions with dramatic joint space
loss, acrolysis, and “pencil-in-cup” erosions on radi-
ographs, along with aggressive new bone formation
and ankylosis.103 Recent studies showed that psoriatic
arthritis patients with bony erosive disease demon-
strated an increase in circulating osteoclast precursor
frequency (CD11b+, CD14+, CD51/CD61+, RANK+
cells) as compared with normal control subjects.99 It
was also found that peripheral blood mononuclear
cells from psoriatic arthritis patients readily formed
osteoclasts in vitro without exogenous addition of
RANKL and M-CSF, although osteoclastogenesis
could be inhibited by OPG or anti-TNF-α.99 Studies in
mice have also shown that TNF-α increases osteoclast
precursor frequency, which is reversible with anti-
TNF-α therapy.104,105 In vivo in the psoriatic arthritis
patient, osteoclast precursor frequency was observed
to decrease after anti-TNF-α therapy.99 Thus, in psori-
atic arthritis an increase in circulating osteoclast pre-
cursors induced by TNF-α, followed by recruitment to
localized synovium rich in RANKL and TNF-α, facili-
tates osteoclastogenesis, likely promoting aggressive
erosions in subchondral bone.99

ESTROGEN DEFICIENCY–DRIVEN
INFLAMMATORY BONE LOSS

The protective effects of sex steroids including estro-
gen on bone are well known. Estrogen receptors are
present on bone cells including osteoblasts, osteoclasts,
stromal cells, and chondrocytes.106-109 Estrogen acts to
inhibit bone remodeling by multiple mechanisms,
including the upregulation of OPG, the decoy receptor
for RANKL, and the downregulation of osteoclast-
inducing molecules such as M-CSF, RANK, IL-1, IL-6,
and TNF-α.7,110-117 Estrogen also promotes osteoclast
apoptosis via the production of TGF-β118 and prevents
osteoblast and osteocyte apoptosis,119 thus promoting
bone formation. Whether it is caused by age-related
menopause or surgical ovariectomy, estrogen defi-
ciency drives rapid and prolonged bone loss via
recruitment and activation of osteoclasts. Recent stud-
ies have provided an additional intriguing link
between abnormal bone remodeling in states of estro-
gen deficiency and activation of the immune system.

Estrogen deficiency in both mice and humans leads
to sustained increases in pro-osteoclastic cytokines
TNF-α and IL-1.120,121 Estrogen-deficient bone loss in
mice is TNF-α-dependent and requires activated
T-cells. In vitro, T-cell cultures from ovariectomized
mice have a fourfold increase in TNF-α compared
with sham-operated or estrogen-treated ovariectomized
mice, and furthermore treatment of ovariectomized mice
with blocking antibodies to TNF-α prevents ovariec-
tomy-induced bone loss.122 Athymic mice (T-cell defi-
cient) fail to exhibit elevations of IL-1 and TNF-α
levels and are resistant to ovariectomy-induced bone
loss.122 Estrogen deficiency increases the pool of acti-
vated TNF-α-producing T-cells in bone marrow with-
out altering the production of TNF-α per cell.123

TNF-α signaling is critical, as mice deficient in TNF-α
or the p55 TNF-α receptor are protected from ovariec-
tomy-induced bone loss.123 These activated T-cells
express high levels of RANKL and can support osteo-
clastogenesis in co-culture in vitro.124

Estrogen deficiency subsequently has been shown to
drive T-cell activation via enhanced antigen presenta-
tion by macrophages.125 Enhanced antigen presentation
results from IFN-γ induced upregulation of a tran-
scription factor, class II transactivator, which leads to
increased expression of MHC class II molecules on
macrophages.125 Recent studies have also shown that
estrogen induces TGF-β and suppresses IFN-γ synthe-
sis, resulting in attenuated T-cell antigen presentation
and activation.126 Consistent with these results, mice
with a T-cell–specific blockade in TGF-β signaling fail
to respond to estrogen treatment and cannot reverse
ovariectomy-induced bone loss.126 Additionally, TGF-
β levels in bone marrow decrease after ovariectomy



and overexpression of TGF-β during ovariectomy pre-
vents estrogen-deficient bone loss in vivo.126 The
immune modulatory effects of TGF-β are wide and
include inhibition of T-cell proliferation, differentia-
tion and activation, promotion of suppressor T-cells or
regulatory T-cells, and inhibition of dendritic cell mat-
uration.127 Estrogen deficiency related decreases in
TGF-β may lead to decreases in T regulatory cells,
allowing the proliferation of effector T-cells and
immune activation.

These studies have shown convincing evidence that
ovariectomy-induced bone loss in mice is secondary to
enhanced immune function from T-cell activation and
cytokine production. Whether similar mechanisms
play a role in estrogen-deficient bone loss in humans
has not been fully determined. Several cytokines,
including IL-1, TNF-α, IL-6, and granulocyte-
macrophage colony-stimulating factor, are increased
in the bone marrow of early postmenopausal women
compared with those in premenopause or late post-
menopause.128 However, TGF-β levels have not been
shown to correlate with age or menopausal status in
human bone samples.129,130 Recent studies have shown
that postmenopausal women have increased expres-
sion of RANKL on bone marrow stromal cells, T-cells,
and B-cells compared with premenopausal or estro-
gen-treated postmenopausal women.131 Additionally,
peripheral monocyte culture samples from osteo-
porotic women form more osteoclasts, have higher
bone-resorbing activity, and produce significantly
more TNF-α and RANKL than culture samples from
nonosteoporotic control subjects.132 Serum levels of
RANKL do not differ according to estrogen status in
women; however, clinical trials of RANKL blockade via
therapeutic injection of OPG or anti-RANKL antibod-
ies have shown promise in sustained suppression of
both bone resorption and formation markers consis-
tent with decreased bone remodeling in post-
menopausal osteoporosis.133,134 The importance of
T-cell activation driving estrogen-deficient bone loss
has yet to be studied in humans.

T-CELLS, CYTOKINES, AND SOLUBLE
MEDIATORS OF INFLAMMATION

RANKL, or TRANCE, was cloned as a molecule on
activated T-cells that functioned to promote dendritic
cell survival and activation and RANKL has been
shown to be required for normal lymphocyte and
lymph node development.26,27,135 Thus, RANK/RANKL
signals are uniquely positioned to regulate interactions
between T cells, dendritic cells, macrophages, and
osteoclasts. Both T-cell receptor specific activation and
more nonspecific stimuli such as concanavalin A can
upregulate RANKL on T-cells.31,136 RANKL can be

cleaved from T-cells by a TNF-α converting enzyme or
matrix metalloproteinase resulting in functionally
active soluble RANKL.31 Whether T cells can under
some circumstances directly stimulate osteoclast for-
mation in inflammatory arthritis is not clear; however,
T-cells clearly influence expression of macrophage
cytokines such as IL-15, IL-1, and TNF-α which act
directly on osteoclasts and osteoclast precursors.137

T-cell produced cytokines such as IL-17, IL-1, and
TNF-α also stimulate osteoblasts to increase RANKL
expression, which promotes osteoclastogenesis.138

All activated T-cells express RANKL; therefore, it
was postulated that other inhibitory factors must exist
that inhibit osteoclast formation in circulation. In fact,
co-culture of anti-CD3 activated splenic T cells with
osteoclast precursors strongly inhibited osteoclastoge-
nesis.11 Studies by Takayanagi and associates identified
IFN-γ as the critical inhibitory factor produced by acti-
vated T-cells, which inhibits osteoclastogenesis by
interfering with RANK signals.11 RANKL also stimu-
lates its own feedback system to downregulate osteo-
clastogenesis as it induces the IFN-β gene in osteoclast
precursor cells. IFN-β inhibits osteoclast differentia-
tion by interfering with the RANKL-induced expres-
sion of c-Fos, an essential transcription factor for the
formation of osteoclasts.139 Thus, cytokines such as
IFN-β and IFN-γ that are critical in the formation of
the normal immune response are also important regu-
lators of osteoclast differentiation and bone homeostasis
(Figure 25-2).

Cells surrounding osteogenic cells also influence bone
remodeling through cytokine secretion. Synovial fibrob-
lasts can contribute to osteoclast formation through
expression of RANKL,24 secreting cathepsins,
chemokines, and the proinflammatory cytokine IL-1,
which can be produced at high levels.140 Although an
effect of TNF-α is the stimulation of IL-1 production, the
effects of TNF-α blockade and IL-1 blockade in clinical
RA models suggest that TNF-α effects are not all medi-
ated through IL-1.47,141,142 Recombinant soluble IL-1RA,
which competes with IL-1 binding for the IL1-R1 recep-
tor, thus blocking IL-1 signals, is currently used in the
treatment of RA.143 Blockade of IL-1 has demonstrated
clinical benefit in RA and radiographic progression of
bony erosion was retarded, confirming a role for IL-1 in
osteoclast activation.141 Combined therapy blocking
TNF-α and IL-1 has been demonstrated to be useful in a
murine arthritis model overexpressing TNF-α.47 IL-1
and TNF-α have effects on osteoclasts, osteoblasts, and
stromal cells. IL-1 directly activates osteoclasts and can
delay osteoclast apoptosis.144 TNF-α augments RANKL
induced osteoclast differentiation.145 Both IL-1 and
TNF-α can induce apoptosis of osteoblasts, which leads
to decreased bone formation.146 IL-1 and TNF-α also
cause dysregulation of chondrocyte function and induce
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chondrocytes to release matrix metalloproteinases and
cathepsins that directly degrade the cartilage matrix.147

Other osteoclast stimulating factors include IL-6, M-CSF,
macrophage inflammatory protein (MIP)1-α, IL-17,
IL-11, IL-15, and parathyroid hormone related peptide
(PTHrP) which promote osteoclastogenesis in the pres-
ence of RANKL.148 Thus, during inflammation, cytokines
can have synergistic effects in promoting osteoclastogen-
esis and bone resorption, in part due to an effective
increase in RANKL brought on by changes in RANKL
and OPG production by cells surrounding osteoclast
precursors (see Table 25-1). The finding of abnormal
bone density in recent studies of mice deficient in signal-
ing molecules used in cytokine receptor signaling sug-
gests that these signals play a role in normal bone
remodeling and homeostasis as well.149-151 Like other
immune cells, osteoclasts are regulated by a complex net-
work of signals from cytokines and surrounding cells,
which are integrated through cell surface receptors.
Recent studies revealed the involvement of a relatively
new group of immune receptors that provide critical sig-
nals that are required in addition to RANK signals for
osteoclastogenesis.152,153

ITAM-ASSOCIATED RECEPTORS IN
OSTEOCLAST DIFFERENTIATION

Osteoclasts are related to innate immune cells in the
myeloid lineage including monocytes, macrophages,
mast cells, and dendritic cells.2,3 The differentiation
and function of these innate immune cells are highly
regulated by a variety of innate immune receptors that
until recently had not been examined on osteoclasts.
Osteoclast differentiation and function had clearly
been shown to require activation of specific cell surface

receptors, with an absolute requirement for stimula-
tion of RANK and c-fms (receptor for M-CSF)2;
however, it was suspected that other regulatory mech-
anisms were involved given the lack of osteoclast for-
mation by all cells expressing RANK and c-fms. A
group of receptors categorized as ITAM (immunotyro-
sine-based activating motif) signaling receptors were
known to play a role in the differentiation of related
myeloid cells, and it was recently demonstrated that
there is a critical role for the ITAM-containing adapter
proteins DAP12 and the FcRγ chain (Fc Receptor γ
chain) in osteoclast differentiation.152-154 Mice defi-
cient in both the DAP12 and FcRγ ITAM-bearing
adapters are significantly osteopetrotic and show a
severe defect in osteoclast development, which demon-
strates the requirement for ITAM signals in bone.152,153

Humans with a genetic deficiency in DAP12 have a
rare recessively inherited human disease involving
bony abnormalities, polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy,
also known as Nasu-Hakola disease.155 This condition
is characterized by multiple bony cysts, osteopenia,
dementia, and premature death by age 50. Affected
individuals develop large bony cysts in the spongy
bone and typically present in their teens or early 20s
with arthritis or pathological fractures.156,157 Patients
also have generalized cortical bone demineralization
with early-onset osteoporosis. The differences in the
human and murine DAP12-/- phenotypes have not
been explained, although both demonstrate the same
in vitro defect in osteoclast differentiation.158-160

DAP12 and FcRγ are transmembrane adapter pro-
teins that associate with different types of transmem-
brane receptors in different cell types.161 The ability to
induce DAP12 or FcRγ surface expression is a defining
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Figure 25-2. Regulation of osteoclastogenesis by
interferon (IFN)-γ and IFN-β. Activated synovial cells
express RANKL. If IFN-γ is also expressed during
inflammation, IFN-γ will inhibit osteoclastogenesis
by downregulating TRAF6 expression, which is
required for RANK signaling. RANK signals also induce
IFN-β, which also downregulates RANK signaling by
inhibiting the expression of c-Fos. Thus,
inflammatory signals are significant regulators of
osteoclastogenesis and are important in the
regulation of bone remodeling. 10,11,138 (See Color
Plates.)



ITA
M

-A
sso

ciated
 Recep

to
rs in

 O
steo

clast D
ifferen

tiatio
n

257

characteristic of these ITAM-associated receptors.161

The DAP12 associated receptors in myeloid cells
include two types of immunoglobulin domain recep-
tors (members of the TREM family and SIRP-β)
and a C-type lectin receptor, MDL-1 (Figure 25-3).
The TREM receptors (triggering receptors expressed
on myeloid cells), TREM1, -2, and -3, are single
immunoglobulin-domain type I transmembrane recep-
tors,162-165 whereas SIRP-β (signal regulatory protein-β)
contains three immunoglobulin domains in the extra-
cellular region.166 MDL-1 (myeloid DAP12-associated
lectin) and NKG2D are type II integral membrane pro-
teins with extracellular lectin domains.167,168

Osteoclasts have been demonstrated by reverse-tran-
scriptase polymerase chain reaction to express tran-
scripts for DAP12, TREM-2, TREM-3, and MDL-1,
but not TREM-1.160 ITAM adapter proteins demon-
strated to be present in preosteoclasts by protein analy-
sis include the receptor proteins SIRP-β, PIR-A,
TREM-2, OSCAR, and FcRIII.152 Mouse OSCAR,
which pairs with the FcRγ chain, was previously
demonstrated to be present on osteoclasts in a cell-
specific manner by mAb surface binding, although
human OSCAR is more widely distributed on other
myeloid cells.169,170 Receptors identified in osteoclasts are
shown in Figure 25-3. Additional studies are needed to
complete our knowledge of the repertoire of immunore-
ceptors involved in osteoclast regulation.

ITAM-dependent signaling receptors in leukocytes
are critical regulators controlling proliferation, sur-

vival, and differentiation to mature immune effector
cells. Osteoclasts are likely similar to other innate
immune cells that are highly regulated by arrays of
receptors that allow them to sense and respond to local
microenvironmental changes. The ITAM motif is uti-
lized by the T-cell receptor and the B-cell receptor and
mediates intracellular signals through syk family tyro-
sine kinases with involvement of src family kinases, to
activate a multitude of effector functions. Studies by
Koga and associates have demonstrated that ITAM-
associated receptors are required during osteoclastoge-
nesis for induction of the critical transcription factor
NFATc1.152,171 NFATc1 has been proposed as a tran-
scription factor that functions as a master regulator in
osteoclastogenesis. In DAP12-/-FcRg -/- osteoclast pre-
cursors defective in osteoclastogenesis, no NFATc1 is
induced and reintroduction of NFATc1 into DAP12-/-

FcRg -/- cells can rescue osteoclast differentiation.152 The
model proposed by Takayanagi suggests that ITAM-
signaling receptors function as critical co-stimulators
for osteoclast differentiation with RANKL and M-CSF
(Figure 25-4). Thus, during osteoclastogenesis, ITAM
signals provide critical costimuli to RANKL/TRANCE
signals, which parallels the requirement for co-stimula-
tion seen in other immune cell types.8,152

In the bone, we are only beginning to dissect the func-
tions of DAP12 and FcRγ and their associated receptors,
as we have not yet identified all the receptors present or
the ligands with which they interact. Clearly, specific lig-
ands in the bone microenvironment need to be identi-
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PIR-A
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TREM-2 MDL-1

SIRPβ
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FcRγ ITAM

Cellular activation/Ca++
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Y
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Figure 25-3. ITAM-associated receptors expressed on osteoclasts. Immunoreceptors on osteoclasts can be associated with either
the DAP12 or the FcRγ ITAM-signaling chains. Receptors identified on osteoclasts or preosteoclasts by reverse-transcriptase
polymerase chain reaction and/or surface antibody staining include OSCAR and PIR-A, which both contain extracellular
immunoglobulin domains and are associated with the FcRγ chain (red ITAM domains). DAP12-associated receptors (shaded ITAM
domains) include TREM-2 and SIRP-β with extracellular immunoglobulin domains and MDL-1 with an extracellular C-type lectin
domain. The receptors pair in the membrane with either DAP12 or FcRγ via complementary charged amino acid residues in the
transmembrane domains of each protein. Upon stimulation of the extracellular domain of the receptor, DAP12 or FcRγ are tyrosine
phosphorylated on residues in the ITAM motif and the syk tyrosine kinase is recruited to the phosphotyrosines. Activation of the
syk tyrosine kinase leads to initiation of intracellular signaling cascades.152,154,160,169 (See Color Plates.)
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fied to better understand the regulation of osteoclasts
during bony remodeling. Because the ITAM signaling
pathway is required for osteoclastogenesis, these recep-
tors and/or their signaling intermediates may be useful
as potential targets for therapeutics to regulate bony
remodeling. It is interesting that several current
immunosuppressive agents, including cyclosporine and
leuflunomide, used in rheumatoid arthritis, are known
to inhibit this pathway and some of their effects may be
due to inhibition of osteoclast development.172,173

Osteoclasts are highly influenced by ever-changing local
stimuli from their surrounding cellular and matrix envi-
ronments, and we need to better determine how they
use receptors to sense such changes.

POTENTIAL THERAPIES

Osteoclasts have been implicated as playing a criti-
cal role in mediating both localized bony erosion and
diffuse bone loss in a number of inflammatory bone
diseases.174 Indeed, bisphosphonate therapy directed at
osteoclasts has been demonstrated to be effective in
murine models of inflammatory arthritis and is being
evaluated in patients with erosive arthritis.175-177 Thus,
blockade of osteoclast differentiation has become an
attractive point for therapeutic intervention to prevent
the morbidity and mortality of these diseases. The
therapeutic potential of blocking the RANK/RANKL
signaling pathway is currently under intense study for
human bone diseases, including osteoporosis and
skeletal metastases.178 Currently, studies are underway
to determine the effects of RANKL blockade with
OPG, OPG-like proteins, or anti-RANKL antibodies. A
single dose of OPG in postmenopausal women
resulted in sustained suppression of both bone resorp-
tion and formation markers consistent with decreased

bone remodeling.134 An initial anti-RANKL antibody
study in postmenopausal women also shows a sus-
tained suppression in markers of bone turnover for up
to 6 months without apparent adverse effects.133 Treat-
ment of patients with multiple myeloma and patients
with metastatic breast cancer with OPG showed
decreases in bone resorptive markers comparable with
pamidronate.179 These small short-term studies show
promise for treatment of a variety of disease states with
abnormally high bone turnover, including erosive
inflammatory arthritis.180 Longer studies to determine
the role of these agents in preventing decreases in bone
mineral density secondary to inflammation, glucocor-
ticoids, malignancy, or estrogen deficiency are needed
to fully evaluate RANKL blockade as a novel therapeu-
tic agent in human bone disease.

Current interventions focused on cytokine blockade
have been successful in treating many patients with
inflammatory arthritis, but other patients remain with
poorly controlled disease unresponsive to these agents.
Combination therapy blocking multiple cytokines
simultaneously will likely be limited by immunosup-
pressive effects, particularly with regard to the response
to infection.181 The identification of other regulatory
pathways in osteoclasts involving innate immune recep-
tors may be potential targets, although a better under-
standing of the exact roles these receptors play in bony
remodeling is essential. The immune and skeletal sys-
tems appear to be so closely linked that complete inhi-
bition of any of these pathways may not be desirable and
modulation is likely a better goal to avoid detrimental
immunosuppressive effects. Future therapies for inflam-
matory bone disease will likely continue to include
efforts to eliminate both inflammation and osteoclast
activation, as both processes contribute to symptoms
and disability.

RANKL

MCSF

MCSF

Precursor Preosteoclast

Activated osteoclast
TRAP+
Cathepsin K
Calcitonin receptor
H+ATPase
αvβ3

RANKL

RANKL

Figure 25-4. Model for role of ITAM-associated
immune receptors in osteoclastogenesis.
Signals mediated by RANK cooperate with
signals from ITAM-bearing adapter chains to
stimulate osteoclast differentiation and
activation. Upon stimulation of their associated
receptor, ITAM adapters are tyrosine
phosphorylated and recruit syk kinase, which
leads to activation of PLC-γ and calcium
signaling. ITAM adapter mediated signals are
required for activation of the critical
osteoclastogenic transcription factor NFATc1.
Immunoreceptors that associate with DAP12
may have ligands expressed on other
osteoclast precursor cells, whereas FcRγ-
associated immunoreceptors are predicted to
interact with ligands on osteoblast or stromal
cells.8,152,153 (Modified from Koga et al.152 and
Takayanagi.8) (See Color Plates.)
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A critical feature of rheumatoid arthritis (RA) is its
propensity to destroy cartilage and bone.1 The presence
of bone erosions is synonymous with irreversible joint
damage and associated with pain, reduced physical and
emotional functioning, and increased risk of mortality.2

Joint destruction is associated with generalized osteo-
porosis and fracture susceptibility, because both phe-
nomena reflect high inflammatory disease activity.3,4

Osteoclasts are uniquely capable of bone degradation,
and the concept that osteoclasts drive bone loss in RA is
now widely accepted.5 Osteoclasts are consistently
detected at erosion sites in all animal models of destruc-
tive arthritis as well as human RA.6 Synovial inflamma-
tion generates tumor necrosis factor (TNF)-α,
macrophage colony-stimulating factor (M-CSF), and
receptor activator of nuclear factor-κB ligand (RANKL),
cytokines that fuel osteoclastogenesis and arthritic bone
destruction. The targeted removal of osteoclasts by TNF-
blockers or RANKL antagonism or genetic manipulation
in animal models potently blocks this bone destruction.7-12

The importance of osteoclast-mediated joint
destruction has prompted renewed interest in bispho-

sphonates to address inflammatory bone loss in RA.
Accordingly, targeting osteoclasts in autoimmune or
TNF-dependent models of RA with powerful third-
generation bisphosphonates recapitulates bone protec-
tion.13,14 Downregulation of osteoclasts has emerged as
a powerful strategy for the prevention of inflamma-
tory-induced bone loss. Intriguingly, this avenue of
bone protection is not necessarily contingent on sup-
pression of synovial inflammation.

Bone loss manifest as focal bone erosion and juxta-
articular osteoporosis is a consequence of a distorted
bone turnover in the context of chronic inflammation.
Osteoblasts as well as osteoclasts are detected near
active bone erosions, and it is likely that defects of both
cell types contribute to the bone loss. In fact,
osteoblasts are suppressed by exposure to inflamma-
tory cytokines such as TNF.15 The precise role of
reduced osteoblast function in inflammatory bone loss
is uncertain.

The prevention of structural joint damage is now a
central tenet of contemporary antirheumatic drug ther-
apy.16 A concerted approach to address inflammatory
bone loss requires consideration of several possible
strategies: 1) intensive interference with inflammatory
synovial processes that stimulate bone erosion, above
all, TNF overproduction; 2) blockade of pathogenic
osteoclasts; and 3) stimulation of osteoblast recruit-
ment and/or function to promote skeletal repair.

BONE LOSS IN RHEUMATOID ARTHRITIS

Three distinct types of bone loss are delineated in
RA: 1) focal articular bone erosion, 2) juxta-articular
osteopenia adjacent to arthritis, and 3) systemic osteo-
porosis at sites distant from inflamed joints. Although
initially conceptualized as separate phenomena, an
early hint for a shared pathogenesis involving osteo-
clasts was that radiographic erosion was found to be
strongly associated with systemic osteoporosis.17

Bone erosions are a radiological hallmark of RA and
accompany severe arthritis along with the presence of
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SUMMARY

The inflammatory process in rheumatoid arthritis
elicits intense bone loss manifested as articular bone
erosions, juxta-articular osteopenia, and systemic
osteoporosis. Animal studies have transformed our
perception of this bone loss and highlighted the
pathogenic role of osteoclasts. The tumor necrosis
factor (TNF) family of cytokines, especially TNF-α and
RANKL, and their respective receptors p55 and RANK,
are pivotal for inducing bone destruction. Targeted
TNF or RANKL antagonism reliably prevents
inflammatory induced bone loss, and direct osteoclast
inhibition with potent bisphosphonates is an
emerging therapeutic tool. As a primary strategy, the
concept of downregulating osteoclasts to prevent
inflammatory bone loss is well established. However,
the precise role of anabolic therapy to augment repair
of bone damage requires further investigation.
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rheumatoid factor and antibodies to cyclic citrulli-
nated peptides.18,19 They occur early in the disease, and
after 6 months, 70% of patients have bone erosions
detected by magnetic resonance imaging.20 Magnetic
resonance imaging detects increased water content in
the bone marrow adjacent to inflamed joints, both in
the absence and in the presence of erosion. The histo-
logical correlate of this “bone edema” is uncertain,
although aspiration has yielded CD34+ bone marrow
cells, which are potential osteoclast precursors.21

Juxta-articular osteopenia adjacent to inflamed
joints is one of the first radiographic signs of RA, max-
imal in early disease, correlated positively with disease
activity and negatively with disease duration. Biopsies
of juxta-articular bone have revealed numerous osteo-
clasts as well as increased osteoid and resorptive sur-
faces consistent with high bone turnover and negative
bone balance.

Generalized osteoporosis is prevalent in RA and
associated with increased fracture rates. Unlike post-
menopausal osteoporosis, osteoporosis is character-
ized by relatively preserved axial (lumbar spine) bone
and marked loss at appendicular sites (hip and radius)
in RA. The central determinant of systemic bone loss is
the underlying inflammatory disease process. Thus,
progressive bone loss in early RA before steroid ther-
apy is clearly correlated to measures of inflammatory
disease activity (serum C-reactive protein) as well as
increased biomarkers reflecting osteoclastic activity.22

OSTEOCLASTOGENESIS IN INFLAMMATORY
ARTHRITIS

The receptor activator of nuclear factor-κB ligand is a
TNF family cytokine that is essential for the induction of
osteoclastogenesis as shown by targeted disruption of the
gene in mice, resulting in defective lymph node organo-
genesis and lymphocyte differentiation and osteopetrosis
caused by a complete absence of osteoclasts.23 The dis-
covery of the RANKL/RANK/OPG (osteoprotegerin)
system therefore divulged the molecular basis of osteo-
clastogenesis and explicitly revealed a nexus between the
immune and bone systems relevant to RA.23,24

After the discovery that osteoclastogenesis and bone
turnover were regulated by expression of RANKL
/RANK and its soluble decoy receptor, OPG, their
expression was investigated in arthritis. These studies
revealed that RANKL mRNA was detected by reverse-
transcriptase polymerase chain reaction in synovium
from patients with RA but not in healthy synovium.25

RANKL was detected in synovial fibroblasts and acti-
vated T cells from peripheral blood as well as synovial
tissue.26,27 In our own in situ hybridization studies,
CD3+ T cells, osteoblasts, and fibroblast-like synovio-
cytes in RA synovium all stained intensely for

RANKL.27 Similarly, in collagen-induced arthritis,
RANKL and OPG were detected at the erosion sites.12

Osteoclastic erosion was also defined in psoriatic
arthritis, which like RA is characterized by synovitis
and focal bone destruction.28 The severity of bone ero-
sion was correlated to circulating mononuclear osteo-
clast precursors, revealing a novel mechanism for
enhanced osteoclastogenesis in psoriatic arthritis.
Circulating osteoclast precursors were also elevated in
human TNF-α transgenic (hTNF Tg) mice and fell
after anti-TNF therapy.29

In vitro studies showed that osteoblasts and T-cells
expressed RANKL and supported osteoclast differenti-
ation when co-cultured with myeloid precursors.24,27,30

Co-cultures of synovial fibroblasts and monocytes also
generated osteoclasts in vitro.26 Thus, multiple cell
types present in inflamed joint tissues, such as acti-
vated T-cells, fibroblasts, and osteoblastic-stromal
cells, express RANKL.

The transcriptional program leading to osteoclasto-
genesis has been dissected in detail. Osteoclast differ-
entiation depends on cooperation of RANKL and
immunoreceptor tyrosine-based activation motif
(ITAM) signals in osteoclast precursors.31 The phos-
phorylation of ITAM stimulated by immunoreceptors
and RANKL-RANK interaction results in the recruit-
ment of syk family kinases, leading to the activation of
phospholipase Cγ and calcium signaling, which is crit-
ical for NFATc1 induction, a master transcription fac-
tor for osteoclast development.32 NFATc1 induction is
also dependent on c-Fos and TRAF6, which are acti-
vated by RANKL.33,34 Immunoreceptors associated
with FcRγ are activated exclusively by ligands
expressed by osteoblasts, whereas those associated with
DAP12 are activated by ligands expressed on osteoclast
precursor cells themselves.35

Although T-cells express RANKL, they also produce
osteoclast inhibitors, such as interferon-γ and interleukin
(IL)-4.36-38 Interferon-β production induced by RANKL
autoregulates osteoclastogenesis.39 Thus, the role of T-
cells in osteoclastogenesis is complex and depends on the
suite of prevailing cytokines.40 Under some conditions,
T-cells may not drive osteoclastogenesis even if RANKL
is expressed. In the presence of high levels of TNF, sub-
osteoclastogenic (“permissive”) amounts of RANKL
may be sufficient for TNF to drive RANKL-mediated
osteoclastogenesis.41 In essence, although there is evi-
dence for a direct contribution of T-cell–derived
RANKL, expression of RANKL by fibroblast-like syn-
oviocytes or osteoblasts (induced by IL-6 type cytokines,
IL-17, and possibly parathyroid hormone related peptide
[PTHrP]) may be quantitatively more important for
osteoclastogenesis.42-44

Osteoclast formation in arthritis models is a swift
and dynamic process leading to rapid attack on juxta-
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articular bone, a prerequisite for early-onset structural
damage.45 Since osteoclasts have a finite lifespan, con-
tinuous replenishment of the local osteoclast pool is
probably necessary to achieve progressive bone dam-
age.46 From the perspective of bone erosions in RA,
major targets of RANKL are RANK-positive osteoclast
percursors, primarily monocytes that populate
inflamed synovium, as well as myeloid lineage cells res-

ident in bone marrow. Direct cell-to-cell contact
between stromal cells and osteoclast percursors effi-
ciently presents the molecular signals (i.e., RANKL +
M-CSF) necessary for osteoclast differentiation.47 In
synovium, the main stromal osteoclast support cells
are fibroblast-like synoviocytes, whereas the main
osteoclast support cells in subchondral bone are
osteoblasts (Figure 26-1).

Figure 26-1. (A) Cellular and molecular
interactions in the synovial
compartment facilitate osteoclast
differentiation and focal bone erosion
at the synovial/bone interface. The
main stromal support cell is the
activated fibroblast-like synoviocytes,
which express membrane-bound
macrophage colony-stimulating factor
(M-CSF) (not shown) and RANKL. These
processes lead to an imbalance in bone
resorption relative to bone formation,
exhibited as “extrinsic” focal bone
erosion. (B) Cellular and molecular
interactions in the subchondral bone
marrow compartment facilitate
osteoclast differentiation and
subchondral bone erosion. The main
stromal support cell is the stromal-
osteoblasts which express membrane-
bound M-CSF (not shown) and RANKL.
These processes lead to an imbalance
in bone resorption relative to
formation, exhibited as subchondral
bone erosion and juxta-articular
osteoporosis. (See Color Plates.)



ROLE OF TUMOR NECROSIS FACTOR IN
ARTHRITIC BONE DESTRUCTION

The inflamed synovium is a prodigious source of
inflammatory cytokines such as TNF-α, IL-1, IL-6, and
IL-17.48 All of these cytokines increase stromal cell
expression of RANKL and/or reduce OPG expression.
Through pleiotropic activities on multiple cells, TNF-
α is the dominant cytokine for arthritic bone destruc-
tion. In fact, the pre-eminence of TNF production is
probably responsible for endowing the rheumatoid
synovium with its proclivity for bone destruction.

Unlike more benign arthropathies, RA is character-
ized by greater synovial TNF induction and higher lev-
els of TNF in the synovial fluids,49 which preferentially
promotes osteoclastogenesis through the p55 receptor
on osteoclast progenitors.50 TNF production is stimu-
lated by T-cell–derived interferon-γ and direct cell-to-
cell contact with T cells.51,52 The immunogenetic
susceptibility to RA conferred by the presence of the
“shared epitope” is associated with rheumatoid factor
and anti-cyclic citrullinated peptide production, and
the resultant immune complexes in the joints amplify
monocyte/macrophage TNF production.53

Activities of TNF that promote osteoclastogenesis
are as follows:

1. TNF directly promotes osteoclast differentiation of
monocytes and macrophages exposed to permissive
levels of RANKL.8

2. TNF stimulates stromal-osteoblast RANKL produc-
tion (through a mechanism involving IL-1 and 
IL-17).54

3. TNF stimulates RANKL production by T- and 
B-cells.

4. TNF stimulates stromal-osteoblast production of
M-CSF.

5. TNF enhances stromal cell expression of RANKL.48

Remarkably, the TNF blockers in clinical use tend to
interfere with destructive events in RA more readily
than inflammatory synovitis. In fact, TNF antagonism
may arrest joint destruction in some patients despite
little improvement in inflammation.55 This phenome-
non may imply that TNF is a principal driver for bone
loss, whereas other cytokines are responsible for symp-
toms. Alternatively, TNF levels may be reduced to sub-
threshold levels such that osteoclast propagation is
suppressed, while sufficient TNF is available to medi-
ate synovial proliferation.

Besides TNF, the other key inflammatory cytokines
include IL-1 and IL-6. The pathogenic involvement of
these cytokines is supported by the occurrence of ero-
sive arthritis in mice lacking the IL-1 receptor antago-
nist and inhibitory effects of IL-6 receptor antibodies

in experimental arthritis.56,57 Overall, IL-1 antagonism
is not as efficacious as TNF blockade in preventing
radiographic bone erosions in RA.58 This may reflect
suboptimal dosing of IL-1ra, but more likely (although
this premise is controversial) it implies a lesser role for
IL-1.59 With respect to osteoclast biology, it appears
that, through p55 receptors, TNF drives osteoclast dif-
ferentiation, whereas IL-1 is more important for
extending the lifespan of nascent osteoclasts.10

Evidently, a destructive synergy exists between TNF,
IL-17, IL-1, and the IL-6 type cytokines that induces
RANK-mediated bone loss (see Figure 26-1).

In contradistinction to TNF blockers, although tra-
ditional disease-modifying drugs significantly retard
erosion, bone loss continues in many or most patients.
This implies continuing TNF production sufficient to
stimulate osteoclastic erosions. In fact, methotrexate
therapy preferentially reduces endogenous IL-1, and
this may explain the greater clinical benefits (for radi-
ological progression) of adding TNF blockers to
methotrexate.60-62

INFLAMMATORY BONE LOSS: TARGETING
RANK-MEDIATED OSTEOCLASTOGENESIS

Proof of the role of osteoclasts in inflammatory bone
loss came from models of arthritis and especially by
employing genetically altered mice (Table 26-1). In
initial studies, OPG prevented articular bone destruc-
tion in both adjuvant and collagen-induced arthri-
tis.12,24 Similarly, mutant mice that completely lacked
osteoclasts (RANKL-deficient or c-fos-deficient mice),
were protected from bone destruction induced by
serum transfer or crossing with hTNF Tg mutants.8,11

TNF-mediated bone loss (hTNF Tg mice) was reduced
by OPG, RANK:Fc, or crossing with RANK−/−
mutants.7,9,63

In all models, drastically reduced osteoclast numbers
were associated with bone protection, yet synovial
inflammation was not reduced by RANKL antagonism
(see Table 26-1). Notably, cartilage protection in these
models was minimal or absent, signifying that diver-
gent cellular mechanisms are responsible for bone or
cartilage loss,48,64 and cartilage damage was mostly
independent of RANK-mediated osteoclastogenesis.
These findings are consistent with recent descriptions
of the critical role for ADAMTS-5 in arthritic cartilage
degradation.65,66

BISPHOSPHONATES FOR INFLAMMATION-
INDUCED BONE LOSS

The bisphosphonates are analogues of inorganic
pyrophosphate in which an oxygen atom has been
replaced with a carbon atom. The phosphate-carbon-
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phosphate moiety confers their high-affinity binding
property to hydroxyapatite mineral where the drugs
preferentially interfere with osteoclastic bone resorp-
tion. Their properties have been extensively
reviewed.67,68 The more potent amino-bisphosphonates
pamidronate, alendronate, risedronate, and zole-
dronate exert their inhibitory effects on osteoclast func-
tion by inhibiting farnesyl pyrophosphate synthase, an
enzyme in the mevalonate pathway necessary for lipid
modification (prenylation) of small guanosine triphos-
phate binding proteins. This process alters cytoskeletal
organization and intracellular trafficking, resulting in
inhibition of osteoclast function. The non-amino-bis-
phosphonates such as etidronate and clodronate are
metabolized to nonhydrolyzable analogues of adeno-
sine triphosphate and act as inhibitors of ATP-depend-
ent enzymes, leading to enhanced osteoclast apoptosis.

Based on the insights gained from targeting RANKL
in arthritis, invoking bisphosphonates for bone pro-
tection is timely and rational; however, the use of bis-
phosphonates in treating arthritis is certainly not a
novel idea. Early-generation bisphosphonates were
extensively tested in experimental arthritis models,
primarily as anti-inflammatory drugs targeting
macrophages. The amino-bisphosphonates were gen-
erally avoided because of their reputed proinflamma-
tory effects. These studies showed reduced biomarkers
of bone resorption and variable joint protection; how-
ever, any effects on focal bone erosion were poorly
documented.69-72

We reported the effect of zoledronic acid (ZA), a highly
potent bisphosphonate in the effector phase of collagen-
induced arthritis.14 A single pulse of ZA prevented radio-
logical bone erosions (Figure 26-2). At the highest dose
tested (100 μg/kg), histological erosion scores were
reduced by 80%. Juxta-articular bone loss was abrogated,
trabecular bone mass increased above control levels after
2 weeks, and the elevated bone resorption biomarker
CTX-I was normalized. In contrast, ZA had no useful
effects on synovial inflammation or cartilage damage.
Higher dose ZA (50-100 μg/kg) was mildly proinflam-
matory; yet, despite the continuing synovitis, ZA pro-
tected arthritic bone. A similar study using repetitive
dosing of ZA in the hTNF Tg mice showed comparable
reduction in bone erosions and prevention of systemic
osteoporosis.13 Osteoclast numbers in both studies were
drastically reduced. From our own histomorphometric
analysis of collagen-induced arthritis, we concluded that
ZA exerts bone protection by downregulating osteoclast
numbers and reducing osteoclast activity.14 In contrast,
calcitonin, a much weaker antiresorptive agent that does
not downregulate osteoclast numbers, failed to modulate
bone erosions in hTNF Tg mice.13

At present, it is uncertain whether bisphosphonates
could inhibit radiological bone erosion in cases of
human RA. Only a few randomized clinical trials
exploring erosion protection have been published, and
nearly all involved weaker first- and second-generation
agents.73-81 Because of small patient numbers, varying
selection criteria and trial designs, and short follow-up

TABLE 26-1 TARGETING OSTEOCLASTOGENESIS IN ANIMAL MODELS OF INFLAMMATORY ARTHRITIS

Arthritis Model Intervention Effect on Bone Effect on Synovial Study
Destruction Inflammation

Adjuvant arthritis OPG 1 mg/kg/day ↓↓↓ — Kong et al24

in rats

CIA in rats Fc-OPG 3 mg/kg/day ↓↓ (60%) — Romas et al12

CIA in rats Single dose ZA 100 μg/kg ↓↓↓ (80%) ↑ (transient) Sims et al14

K/BxN serum transfer 
in RANKL−/− mice None ↓↓↓ — Pettit et al11

hTNF Tg mice OPG ↓↓↓ — Redlich et al7

hTNF Tg mice Infliximab ↓↓↓ (80%) ↓↓ (50%) Redlich et al7

hTNF Tg mice Infliximab + OPG ↓↓↓ (85%) ↓↓↓ (80%) Redlich et al7

hTNF Tg mice Repeated ZA dosing ↓↓↓ (95%) — Herrak et al13

hTNF Tg mice RANK:Fc 10 mg/kg ↓↓↓ — Li et al63

alternate days

hTNF Tg x None ↓↓↓ — Redlich et al8

c-fos−/− mice

hTNF Tg x RANK−/− mice None ↓↓↓ ↓ Redlich et al8

CIA = collagen-induced arthritis; hTNF Tg = human TNF-α transgenic; OPG = osteoprotegerin; X = hybrid or cross; ZA = zoledronic acid.
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periods, interpretation of these trials is problematic.
However, several conclusions are possible:

1. Clodronate, etidronate, and pamidronate possess
trivial anti-inflammatory activity.

2. Etidronate and pamidronate reduced biomarkers
of bone resorption and pamidronate stabilized
progressive bone loss in the axial and appendicu-
lar skeleton.

3. Etidronate and low-dose oral pamidronate did
not reduce erosions, but high-dose pamidronate
blunted bone erosion but not joint space narrow-
ing (i.e., cartilage loss).

4. ZA prevented generalized bone loss in early RA
and reduced new MRI bone lesions at the carpus
by up to 60%. There are no data for any effect on
radiographic erosions.

Surprisingly, the most potent third-generation bis-
phosphonates, which exhibit the most profound
inhibitory effects on osteoclasts, have not been assessed
in sufficiently powered randomized trials with radio-
logical erosion as a primary endpoint. Owing to the
high costs and uncertain long-term safety of TNF
antagonists, investigator-led studies of third-genera-
tion bisphosphonates to prevent inflammatory-
induced bone loss are both necessary and desirable.

INFLAMMATORY BONE LOSS: TARGETING
OSTEOBLASTS

It is unknown whether established RA bone erosions
can be properly reconstituted, although reports of ero-
sion “repair” after anti-inflammatory therapy are a tes-
tament to this possibility.82 Osteoclastic activity cannot
be viewed separately from osteoblasts, because these two
cell populations are linked through physiological cou-
pling. Osteoblasts are present in arthritic bone erosions,
but the detailed kinetics and fate of osteoblasts relative
to osteoclasts at these sites are not elucidated.83 In view
of the coupling of osteoblasts to osteoclasts, it is likely
that osteoblasts at erosion sites are a response to osteo-
clastic activity, not reactive to inflammatory synovitis,
although this question has not been resolved. Clearly,
the osteoblastic response in active erosions is feeble,

resulting in net bone loss. Cytokines such as TNF down-
regulate osteoblasts in part by interfering with the mas-
ter transcription factor Runx-2.15,84,85 Fundamentally,
osteoblastic suppression may be additive to bone-dam-
aging effects of TNF-induced osteoclastogenesis.

At present, parathyroid hormone (PTH) is the only
useful bone anabolic agent available, and its use has
been extensively documented in animals and humans
with osteoporosis due to estrogen deficiency.86 The
effects of PTH are determined by the dynamics of its
presentation to osteoblasts. At a constant level, PTH
downregulates OPG, increasing osteoclastogenesis,
while pulsed administration stimulates osteoblastoge-
nesis, increases bone remodeling, and leads to gains in
bone mass. Pulsed PTH therapy was tested in animal
models of inflammatory bone loss. Short-term PTH
alone had no measurable effects on bone destruction
in hTNF Tg mice, yet in the context of anti-TNF or
anti-RANKL therapy, mice treated with PTH exhibited
greater bone protection and repair of articular ero-
sions.87 Similar effects were reported in immune-
mediated models of arthritis.88 It is important to note
that concomitant osteoclast inhibition may blunt the
effect of PTH, as reported with alendronate.89,90

Therefore, it remains to be seen if these results can be
reproduced in treatment settings that mandate pro-
found osteoclast inhibition.

CONCLUSION

The revelation of molecular mechanisms that link
immune and bone cells and govern osteoclast recruit-
ment has transformed our conception of pathogenic
events in RA. Inflammatory synovitis induces pro-
found bone loss, and osteoclasts are the instrument of
this destruction. TNF blockers have an established role
in the prevention of inflammatory bone loss, and the
importance of T cells in perpetuating synovitis and
bone destruction in RA is emerging from successful
clinical trials of T cell co-stimulation blockade with
CTLA-immunoglobulin fusion protein (abatacept).91

TNF-antagonism reliably arrests radiological progres-
sion in RA, and proof-of-concept studies show that
RANKL inhibition prevents inflammatory bone loss.

CIA + Control CIA + Zoledronic acid Normal tarsus Figure 26-2. Radiological bone
erosions are prevented by zoledronic
acid treatment. Collagen-induced
arthritis treated without (left panel)
or with (middle panel) a single pulse 
of zoledronic acid, 100 μg/kg. A non-
inflamed tarsus is shown on the right
panel
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The therapeutic efficacy of RANKL inhibition has
already been witnessed in human trials of RANKL-
neutralizing monoclonal antibodies.92 This reagent is
likely to become the treatment of choice for blocking
RANKL in cases of human RA. A major limitation of
RANKL-antagonism is that it will not reduce synovitis.
Therefore, anti-RANKL therapy will most likely be
used in the context of disease-modifying drug therapy.
The role of osteoclasts in inflammatory-induced bone
loss also invites reconsideration of bisphosphonates for
bone protection.93 Preliminary studies of ZA indicate
that a sufficiently powerful bisphosphonate may pre-
vent inflammatory bone loss in RA models and cases of
RA. A principal benefit of targeted anti-TNF therapy
over traditional disease-modifying drugs is consistent
prevention of structural bone damage afforded by
TNF-antagonism. Conceivably, a similar goal could be
achieved by combining RANKL-antagonism or bisphos-

phonate therapy with disease-modifying drugs, and
the usefulness of this approach will have to be tested
clinically. Finally, preliminary proof-of-concept studies
of anabolic therapy have been carried out in models of
inflammatory bone loss. Pulsed PTH injections stimu-
lated osteoblast recruitment and optimized anticata-
bolic effects of TNF or RANKL inhibition. Although
preliminary, this strategy, combined with normaliza-
tion of osteoclast numbers, could set the stage for effec-
tive repair of inflammatory bone damage.
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clinical uses of, 74
diagnostic uses of, 31, 74
therapeutic uses of, 31, 75
treatment recommendations

based on, 31
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rate of, 37
Wnt signaling pathway in, 177-178
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Pathogenesis.
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36f
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postmenopausal, 35, 35f
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age-related changes in, 22-23
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exercise and, 23-24, 118-119
genetic factors in, 23, 37-38
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calcium supplementation and, 24
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parathyroid hormone and, 

180-182
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age-related changes in, 46
composition of, 44-45

Bone matrix proteins. See also
Collagen.

posttranslational modifications of,
90-92, 91f, 92f

Bone metabolism. See Bone turnover.
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Cardiac disease, bone disease in, 223.

See also Transplant-related
osteoporosis.

Case finding, 110-114. See also Risk
assessment.

algorithm for, 111f
bone densitometry in, 102-103
definition of, 110
drug therapy and, 109-110
for glucocorticoid-induced

osteoporosis, 113-114, 113f,
113t

future directions for, 112
in males, 112-113, 112t
in women, 102-112
institutional programs for, 108
nonvertebral fractures in, 107
prior fractures in, 103-108, 105f

differential diagnosis of, 107-108
nonvertebral, 107
vertebral, 105-108, 107f

questionnaires in, 28, 29f, 30f, 103,
105f

total fracture risk evaluation in, 
108-112

age in, 108-109
biochemical markers in, 109

vertebral fractures in, 105-108, 107f
without bone densitometry, 110,

110t
CD163, in spondyloarthropathies, 

252-253
Children

calcium supplementation in, 125
bone mass and, 24

fractures in, 11-12
glucocorticoid-induced osteoporosis

in, 203, 205-206
osteoporosis-pseudoglioma

syndrome in, 15
physical activity in, bone mass and,

23-24, 118
Cholecalciferol, 131. See also Vitamin D.
Cholesterol-lowering agents, bone

mass and, 39
Cigarette smoking

fractures and, 39
in pregnancy, pediatric bone mass

and, 24
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Clodronate. See also Bisphosphonates.
for transplant recipients, 231

COLIA1/2 mutations
in osteoarthritis, 19
in osteogenesis imperfecta, 15
in osteoporosis, 17-18, 19, 38, 45

fracture risk and, 45
Collagen

age-related changes in, 46
bone toughness and, 45
defects in

fracture risk and, 45
in osteogenesis imperfecta, 15, 38,

45
pyridinium cross-links of, 89-90,

89f, 89t
type I

cross-linking of, bone strength
and, 91-92

isomerization of, 91-92, 92f
post-translational modifications

of, 90-92, 91f, 92f
Collagen–related biochemical markers,

89-90, 89f, 89t, 98
Colles fractures, 10. See also Distal

forearm fractures.
Combination therapy. See Drug

therapy, combination and
specific drugs.

Comminuted fractures, 44, 45f
Comorbidities, 28t. See also

Inflammation-induced bone
loss.

Compressive testing, in biomechanical
assessment, 48

Computed tomography. See also
Imaging studies.

micro-CT, 85
quantitative, in bone densitometry,

71-72, 71f, 72t. See also Bone
densitometry.

Congestive heart failure, bone disease
in, in transplant candidates,
222t, 223. See also
Transplant-related
osteoporosis.

Connective tissue disease. See
Inflammation-induced bone
loss.

Corticosteroids. See Glucocorticoids.
Cortisone, 204t, 205. See also

Glucocorticoids.
Cross-linked telopeptide of type I

collagen peptides, 89-90, 89f,
89t, 91. See also Biochemical
markers.

fracture risk and, 91, 93t
C-telopeptide, glucocorticoid 

effects on, 209-211, 210t,
211f

C-terminal cross-linked telopeptide of
type I collagen peptides
(CTX), 89-90, 89f, 89t, 91.
See also Biochemical
markers.

fracture risk and, 91, 93t
Cushing syndrome, adrenalectomy for,

bone mineral density after,
207, 207f

Cyclosporine A, transplant-related
osteoporosis and, 225, 225t

CYP19 gene, 18, 19
Cystic fibrosis, bone disease in, 222t,

223. See also Transplant-
related osteoporosis.

Cytokines. See also Growth factors and
specific types.

estrogen deficiency and, 254-255
in bone metabolism, 250, 250f, 

255-256, 255f
in osteoclastogenesis, 250, 250f, 

255-256, 255f, 266-268, 
267f

in psoriatic arthritis, 253-254
in rheumatoid arthritis, 251, 252t,

266-268, 267f
in spondyloarthropathies, 253
osteoprotegerin and, 251, 252t
RANKL and, 251, 252t
therapeutic blockade of, 257-258

D

DAP12, in osteoclast differentiation,
256-257, 257f

Deflazacort, 204t, 205. See also
Glucocorticoids.

Deformities, vertebral. See Vertebral
deformities.

Degenerative arthritis, genetic factors
in, 19

Dehydroepiandrosterone, 145. See also
Androgen(s).

Demographic trends, hip fracture
incidence and, 5-6, 5f

Densitometry. See Bone densitometry.
Deoxypyridinoline, 89-90, 89f, 89t, 91.

See also Biochemical
markers.

Depot medroxyprogesterone, bone loss
due to, 39

DEXA (dual X-ray absorptiometry),
67-68, 68f. See also Bone
densitometry.

Dexamethasone, 204t, 205. See also
Glucocorticoids.

Diagnosis
biochemical markers in, 88-97. See

also Biochemical markers.
bone densitometry in, 27-31. See

also Bone densitometry.

Diagnosis (Continued)
criteria for, vs. intervention

thresholds, 102
imaging studies in, 66-85. See also

Imaging studies.
T-scores in, 33, 74. See also

T-scores.
Dickkopfs, 177, 178
Diet

bone mass and, 38
in children, 24

calcium in. See Calcium intake.
in transplant recipients, osteoporosis

and, 225
vitamin D intake in, 24, 38, 124,

133-137, 136f
Dihydrotestosterone, 146. See also

Androgen(s); Testosterone.
1,25-Dihydroxyvitamin D. See also

Vitamin D.
in calcium metabolism, 37

Disability. See Quality of life.
Diseases, systemic, 

osteoporosis-associated, 28t.
See also Inflammation-induced
bone loss.

Distal forearm, quantitative computed
tomography of, 71-72

Distal forearm fractures. See also
Fracture(s).

clinical aspects of, 60
definition of, 10-11
epidemiology of, 2f, 10-11, 60
functional impact of, 11, 60
in children, 11-12
incidence of, 60

age and, 2, 2f, 3t, 11
gender and, 11
seasonal variations in, 11

mortality from, 2-3, 2t, 7f
risk of. See also Fracture risk.

after previous fracture, 9
over lifetime, 2, 2f, 3t

sites and types of, 60
Distance technique, in magnetic

resonance imaging, 82
Diuretics, bone mass and, 39
DNA, pooled, 19
DOES-score, 103, 104t
Dowager hump, 106, 106f
Droloxifene, 141. See also Selective

estrogen receptor
modulators.

Drug therapy. See also specific agents.
bone biomechanics and, 46-47
combination, 192. See also specific

drugs.
antiresorptive-anabolic, 195-198
antiresorptive-antiresorptive, 

193-195
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Drug therapy (Continued)
bone mineral density/bone mass

and, 192
concomitant vs. sequential, 

199-200
hormone replacement therapy in,

193-195, 194f, 195f
parathyroid hormone in, 170,

184, 186t-187t, 189
strontium ranelate in, 198, 199f

for fracture prevention, 109
for glucocorticoid-induced

osteoporosis, 217-218
for inflammation-induced bone

loss, 265-271
indications and contraindications

for, 200
monitoring of

biochemical markers in, 95-96, 97f
bone densitometry in, 96

osteoporosis-associated, 28t, 39
Dual X-ray (DEXA, DXA)

absorptiometry, 67-68, 68f.
See also Bone densitometry.

radiation dose in, 72t
Dyspepsia, bisphosphonates and, 165,

171

E

Eating disorders, bone mass and, 24
Economic costs, of fractures, 11, 11t,

123-124
of distal forearm, 60
of hip, 60
of proximal humerus, 61
of vertebrae, 58

Elastic (Young) modulus, 42, 43f, 44,
44f

in bone fatigue measurement, 51
in torsional tests, 50-51

Elderly. See Age.
Energy absorption, 42, 43f
Epidemiology

of fractures, 1-12
of distal forearm, 2f, 10-11, 60
of hip, 2-6, 2f, 58
of pelvis, 61
of proximal humerus, 60-61
of vertebrae, 6-10, 6f, 55, 56, 57

of osteoporosis, 1-12
in ankylosing spondylitis, 

242-244, 244t
in polymyalgia rheumatica, 245
in psoriatic arthritis, 245
in rheumatoid arthritis, 237-240
in systemic lupus erythematosus,

240-242
in systemic sclerosis, 244-245

ER gene, 18, 19
Ergocalciferol, 131. See also Vitamin D.

Estradiol
deficiency of, glucocorticoid-related,

206
in males. See also Androgen(s).

age-related decrease in, 146, 
149-150

bone health and, 146, 147, 149-153
synthesis of, 145

pharmaceutical. See Androgen
replacement therapy.

Estrogen(s)
androgen-derived, in males, 37, 

145-146. See also Estradiol.
deficiency of

in pathogenesis, 35, 35f, 37
of inflammation-induced bone

loss, 254-255
treatment of. See Hormone

replacement therapy.
effects on bone during growth, 118
pharmaceutical. See Hormone

replacement therapy.
Estrogen receptor alpha gene, 18, 19
Estrogen receptors, 145, 146
Ethnicity. See Race/ethnicity.
Etidronate, 164, 165, 165f. See also

Bisphosphonates.
for glucocorticoid-induced

osteoporosis, 218
for rheumatoid arthritis, 270

European Prospective Osteoporosis
Study, 106

Exercise. See Physical activity.

F

Falls
age-related risk of, 3-4, 35-36
fractures due to, 109-110
in rheumatoid arthritis, 240
prevention of, 34, 109

exercise in, 119-120
vitamin D supplementation in,

134-137, 137f
risk factors for, 109-110
vitamin D deficiency and, 132, 132f,

137, 137f
Farnesyl diphosphate synthase, 164
Fat suppression, in magnetic resonance

imaging, 78, 79f
FcRγ, in osteoclast differentiation, 

256-257, 257f
Femoral neck. See Hip.
Fibroblast growth factors, in bone

formation, 36, 176f, 177
Financial burden, of fractures, 11, 11t,

123-124
of distal forearm, 60
of hip, 60
of proximal humerus, 61
of vertebrae, 58

Finite element analysis, with magnetic 
resonance imaging, 85

Food. See also Diet.
vitamin D–fortified, 132-133

Forearm fractures, distal. See Distal
forearm fractures.

Four-point loading test, 48-50, 49f
Fracture(s). See also specific types and

sites.
biomechanics of, 43-44, 44f
bone mineral density and, 27, 33, 35
butterfly, 44, 45f
case finding for, 103-108. See also

Case finding.
causes of, 107-108
comminuted, 44, 45f
diagnosis of

clinical findings in, 105-106
radiographic findings in, 106-107

differential diagnosis of, 107-108
economic costs of, 11, 11t
energy required for, 43-44
epidemiology of, 1-12. See also

Epidemiology.
family history of, 14
fragility, definition of, 105
functional impact of, 3-4, 7, 55, 56,

56f, 57, 58-60, 59f, 105, 106,
106f, 123. See also Quality of
life.

genetic factors in, 14-20, 15f. See
also under Genetic.

greenstick, 42
healing of, 34
in ankylosing spondylitis, 243-244,

244t
in childhood, bone mass in later life

and, 24
in males, 112-113, 112t

prevention of, 185-188, 186t
in rheumatoid arthritis, 63, 240
in systemic lupus erythematosus, 242
incidence of, 2f, 117. See also

Epidemiology.
morbidity and mortality from, 2t.

See also Quality of life.
pathogenesis of, 34-39. See also

Pathogenesis.
rates of, 117
simple, 45f
spiral, 44, 45f
types of, 44, 45f

Fracture prevention, 34, 109
androgen replacement therapy in,

149-151
bisphosphonates in, 166-169, 167f,

168f
calcitonin in, 157-160
calcium in, 24, 124-128
drug therapy in, 109
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Fracture prevention (Continued)
exercise in, 23-24, 117-118, 128
in males, 185-188, 186t
parathyroid hormone in, 180-182
selective estrogen receptor

modulators in, 109, 141-143,
142f

sun exposure in, 24
vitamin D in, 24, 124, 125-128, 

133-134, 133-137
Fracture risk

age-related, 1-2, 2f, 3t, 35-36, 36f
peak bone mass and, 22-24

assessment of, 101-114. See also Case
finding; Risk assessment.

biochemical markers of, 93-95, 95f.
See also Biochemical markers.

bone matrix proteins and, 92t, 
93-95, 93t

bone mineral density and, 27, 33,
88, 95f, 100. See also Bone
mineral density.

bone turnover and, 93-95, 95f
contributory factors in, 93, 101,

102t, 103-114, 103t. See also
Risk factors.

homocysteine and, 92
in ankylosing spondylitis, 243-244,

244t
in glucocorticoid-induced

osteoporosis, 203, 215-216,
218

reduction after therapy
discontinuation, 203-204

in rheumatoid arthritis, 240
in systemic lupus erythematosus,

242
in transplant recipients

management of, 226-227, 227f,
227t

preexisting bone disease and, 
222-224, 222f, 222t

multifactorial nature of, 100-102,
101f, 102t

peak bone mass and, 22-24
population-attributable, 100
prior fractures and, 103-108

Fragility fractures. See Fracture(s).
Frizzled-related proteins, 177
Functional impact. See Quality of life.

G

Gastrointestinal toxicity, of
bisphosphonates, 165, 171

Gender differences. See also Males.
in glucocorticoid-induced

osteoporosis, 206
in incidence

of distal forearm fractures, 11
of hip fractures, 4

Gender differences (Continued)
of pediatric fractures, 12
of vertebral fractures, 8-9, 55-56

in postfracture mortality, 2t
in hip fractures, 2t, 3

Gene expression studies, 19
Gene-environment interaction studies,

19
Gene-gene interaction studies, 19
Genetic factors, 14-15, 37-38

in bone mass, 15, 23, 37-38, 43, 177
in bone mineral density, 14, 15t
in monogenic bone diseases, 15
in osteoarthritis, 19
overlapping phenotypes and, 19
overview of, 14-15

Genetic studies
candidate gene, 17-18, 18t, 38
future directions for, 20
gene expression, 19
gene identification, 14
gene-environment interaction, 19
gene-gene interaction, 19
linkage, 15-17, 38
of heritability, 14
pooling, 19
twin, 14, 17

Geographic variation
in hip fracture incidence, 4-5, 4f
in pediatric fracture incidence, 12
in vertebral fracture incidence, 10

Glucocorticoid-induced myopathy,
211

bone loss in, 202, 204f, 205-211,
209f, 210t, 216

Glucocorticoid-induced osteoporosis,
39, 203-218

age and, 205-206
bone brittleness in, 203
bone loss in, 205-211, 215, 216-217
bone remodeling in, 209-211, 209f,

210t, 211f
calcitonin for, 160
calcium metabolism in, 208-209
dose amounts and timing and, 203,

206-208
duration of therapy and, 203, 

206-208, 207f
fracture risk in, 203, 215-216, 218

reduction after therapy
discontinuation, 203-204,
207

in children, 203, 205-206
in polymyalgia rheumatica, 245
in rheumatoid arthritis, 238, 239t
in systemic lupus erythematosus,

241-242
in transplant recipients, 225, 232,

232f
magnetic resonance imaging in, 84

Glucocorticoid-induced osteoporosis
(Continued)

myopathy and, 211. See also
Glucocorticoid-induced
myopathy.

osteoblast function in, 203-204,
204f, 208

osteoclast function in, 208
parathyroid hormone in, 208-209
parathyroid hormone therapy for,

188-189
pathogenesis of, 204-205, 204f, 204t
pathophysiology of, 205-211, 215
risk assessment for, 113-114, 113f,

113t
secondary hyperparathyroidism and,

208-209
severity of, 203
trabecular changes in, 84
treatment of, 188-189, 217-218
vitamin D in, 208

Glucocorticoids
as bone densitometry indication, 

75
bone loss due to, 39
for rheumatoid disease. See

Inflammation-induced bone
loss.

for transplant recipients, 225, 232,
232f

mechanism of action of, 204-205,
204f

potencies of, 204t, 205
preparations of, 204, 204t, 205
routes of administration for, 205

Greenstick fractures, 42
Growth. See also Height.

glucocorticoid suppression of, 
205-206

Growth factors. See also Cytokines and
specific factors.

estrogen deficiency and, 254-255
glucocorticoid effects on, 205-206
in bone formation, 36, 176f, 177

H

Hand function, after distal forearm
fractures, 60

Health-related quality of life. See
Quality of life.

Heart failure, bone disease in, in
transplant candidates, 222t,
223. See also Transplant-
related osteoporosis.

Heel
bone mineral density measurement

in. See Bone densitometry.
imaging studies of, 77f

quantitative ultrasonography in,
72-74, 73f, 83f
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Height
androgen deficiency and, 147, 

148f
loss of, after vertebral fractures, 105,

106, 106f
pediatric glucocorticoid therapy

and, 205
Heparin, bone loss due to, 39
Hepatic disease, bone disease in, 

221-222, 222f, 222t. See also
Transplant-related
osteoporosis.

High bone mass syndrome, 15, 38, 43,
177

Hip, bone mineral density in
age-related decline in, 4
measurement of, 69-71, 70f, 70t. See

also Bone densitometry.
Hip fractures. See also Fracture(s).

ambulation after, 3
bone densitometry for, 69-71, 70f,

70t. See also Bone
densitometry.

clinical aspects of, 58
comorbidities in, 60, 63
economic costs of, 11, 60
epidemiology of, 2-6, 2f, 58
functional impact of, 2, 3-4, 58-60,

59f
in males, 112
incidence of, 2f, 58

age and, 2, 2f, 3-4, 3t
geographical variations in, 4-5
race/ethnicity and, 4
seasonal variations in, 5
time trends in, 5-6, 5f

mortality from, 2-3, 2t, 7f, 60
prevention of, 34, 109

exercise in, 117-118
risk of. See also Fracture risk.

after previous hip fracture, 9, 107
after vertebral fractures, 57
assessment of, 110t. See also Case

finding; Risk assessment.
hip axis length and, 70-71
in males, 112
over lifetime, 2, 2f, 3-4, 3t

total joint arthroplasty after, 63
Hip-protecting devices, 34
Histomorphometry, in transplant

recipients, 227-228, 228f
Homocysteine, fracture risk and, 92
Hormone(s)

imbalances of, in transplant
recipients, 225-226

in calcium metabolism, 37
Hormone replacement therapy. See

also Androgen replacement
therapy.

calcium with, 127-128, 128f

Hormone replacement therapy
(Continued)

discontinuation of, bone loss after,
195, 195f

for glucocorticoid-induced
osteoporosis, 217

for transplant-related osteoporosis,
232

with bisphosphonates, 193-195,
194f, 195f

with parathyroid hormone, 182-184,
196

Hospitalization, costs of. See Economic
costs.

Human chorionic gonadotropin
(hCG), recombinant,152,
154f

Humerus fractures. See Proximal
humerus fractures.

1,25-Hydroxyvitamin D, 131. See also
Vitamin D.

in vitamin D deficiency, 133
25-Hydroxyvitamin D, 131. See also

Vitamin D.
in vitamin D deficiency, 133

Hypercalcemia
immobilization-related, 39
vitamin D supplementation and, 39,

134, 135
Hyperkyphosis, in vertebral fractures,

106, 106f
Hyperparathyroidism

glucocorticoid-induced osteoporosis
and, 208-209

in renal osteodystrophy, 223-224
in transplant recipients, 226

Hypocalcemia, bone mass and, 38
Hypogonadism

female. See Estrogen(s), deficiency
of.

male
androgen replacement therapy

for, 147-149, 150-153. See
also Androgen replacement
therapy.

bone health and, 147, 149-150
Hypoparathyroidism, in transplant

recipients, 226
Hypophysectomy, bone mineral

density after, 207, 207f
Hypothalamic-pituitary-gonadal axis

alterations, in transplant
recipients, 225-226

I

Ibandronate, 165f, 168. See also
Bisphosphonates.

Idoxifene, 141. See also Selective
estrogen receptor
modulators.

Imaging studies
in bone densitometry, 66-75. See

also Bone densitometry.
magnetic resonance imaging in, 

77-85. See also Magnetic
resonance imaging.

micro-CT in, 85
of vertebral fractures, 106-107
quantitative computed tomography

in, 71-72, 71f, 72t. See also
Bone densitometry.

radiation dose in, 72, 72t
radiography in, 72

for vertebral fractures, 106-107
vs. magnetic resonance imaging,

78, 79f
Immobility. See also Quality of life.

after hip fractures, 58-60, 59f
after vertebral fractures, 56, 56f, 57
bone loss due to, 39

in transplant recipients, 225
Immune response, osteoclasts in, 

249-252, 256-257, 257f
Immunosuppressive therapy, transplant-

related osteoporosis and, 
224-225, 224f, 225t

Incidence. See Epidemiology.
Indentation tests, 50-51
Independence. See Quality of life.
Inflammation-induced bone loss, 

36-37, 237-271
epidemiology of, 237-245

in ankylosing spondylitis, 
242-244, 244t

in polymyalgia rheumatica, 245
in psoriatic arthritis, 245
in rheumatoid arthritis, 237-240
in systemic lupus erythematosus,

240-242
in systemic sclerosis, 244

pathogenesis and pathophysiology
of, 249-258

cytokines in, 255-256, 255f. See
also Cytokines.

in ankylosing spondylitis, 
243-244, 252-253

in estrogen deficiency, 254-255
in polymyalgia rheumatica, 245
in psoriatic arthritis, 245, 253-254
in rheumatoid arthritis, 238-240,

249-252
in spondyloarthropathies, 252
in systemic lupus erythematosus,

240-241, 241t
in systemic sclerosis, 244-245
ITAM-associated receptors in,

256-257, 257f, 258f
osteoclasts in, 249-252, 256-257,

257f, 268
T cells in, 255-256
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Inflammation-induced bone loss, 
(Continued)

prevention and treatment of, 
268-271

bisphosphonates in, 268-270, 270f
methotrexate in, 268
osteoblast targeting in, 270
osteoclast targeting in, 268, 269t
osteoprotegerin in, 269t
parathyroid hormone in, 269, 270
tumor necrosis factor blockers in,

268
Infliximab, for rheumatoid arthritis,

269t
Insulin-like growth factor. See also

Growth factors.
effects on bone during growth, 118
glucocorticoid effects on, 205-206
in bone formation, 36, 176f, 177
parathyroid hormone and, 176f, 177
RANKL/osteoprotegerin expression

and, 252t
Interferon-γ, in osteoclastogenesis,

255, 255f
Interleukins, 18. See also Cytokines.

in bone remodeling, 255-256
in osteoclastogenesis, 266, 267f, 268
RANKL/osteoprotegerin expression

and, 252t
International Osteoporosis

Foundation, treatment
guidelines of, 31

International Society for Clinical
Densitometry, testing
guidelines of, 28

Internet resources
for bone densitometry guidelines,

27t
for treatment guidelines, 31

ITAM-associated receptors, in
osteoclast differentiation,
256-257, 257f, 258f

K

Kidney disease, bone disease in, 222t,
223-224. See also Transplant-
related osteoporosis.

Klinefelter syndrome, bone mass in,
147, 148f

L

Lasofoxifene, 141. See also Selective
estrogen receptor
modulators.

Linkage disequilibrium, 15
Linkage studies, 15-17, 38

in animals, 16
in humans, 16
non–bone mineral density, 16-17

12/15-Lipoxygenase, 16

Liver disease, osteoporosis in, 221-222,
222t. See also
Transplant-related
osteoporosis.

Load-displacement curves, 41-42, 42f,
43f

Long-term care
after hip fractures, 59f, 60
after pelvic fractures, 62
after vertebral fractures, 58

LRP-5 gene, 15, 19, 38
high bone mass and, 15, 38, 43, 177

Lung disease, osteoporosis in, 222-223,
222t. See also
Transplant-related
osteoporosis.

Lupus erythematosus. See Systemic
lupus erythematosus.

M

Macrophage-derived cytokines. See
also Cytokines.

in spondyloarthropathies, 253
Magnetic resonance imaging, 77-85

acquisition time in, 80
advantages of, 83, 85
box-counting technique in, 82
coil correction in, 80, 81f
connectivity measures in, 82
echo time in, 79
fat suppression in, 78, 79f
fractal dimensions in, 82
future directions for, 85
gradient-echo sequences in, 79-80,

80f
image processing in, 80-82, 81f
in animal studies, 84
in vivo, 84
instrumentation in, 80
magnetic field strength in, 80
morphological parameters in, 82-83,

83t
motion artifacts in, 80-81, 81f
noise reduction in, 80
nuclear, 80
physics and mechanics of, 77-78
post-processing issues in, 82-83
relaxation times in, 78-79, 78f
resolution in, 80
scaling index method in, 83
skeleton graphs in, 83
spatial autocorrelation analysis in,

83
spin-echo sequences in, 79-80, 80f
susceptibility artifacts in, 80
T1-weighted images in, 78, 78f, 79f
T2-weighted images in, 78-79, 78f
three-dimensional distance

technique in, 82
thresholding in, 81-82

Magnetic resonance imaging
(Continued)

vs. other imaging techniques, 83, 83t
vs. radiography, 78, 79f
with finite element analysis, 85

Magnetic resonance spectroscopy, 85
Males. See also Gender differences.

androgen-derived estrogen in,
protective effects of, 37

bone growth in, 118
case finding in, 112-113, 112t
osteoporosis in

calcitonin for, 160
causes of, 112t, 185
hormone replacement therapy

for. See Androgen
replacement therapy.

in rheumatoid arthritis, 237-238
in systemic lupus erythematosus,

242
parathyroid hormone for, 

185-187, 186t
pathogenesis of, 37
risk assessment for, 112-113

Malnutrition. See also Diet.
bone mass and, 38

in children, 24
in transplant recipients, 225

Mechanical loading, bone mass and,
38-39

Medroxyprogesterone, bone loss due
to, 39

Men. See Males.
Menopause

bone loss after, 35, 35f, 37
estrogen deficiency in, 35, 35f, 37,

254-255
Menstrual history, bone mass and, 24
Metabolic processes, in bone growth

and remodeling, 34-35, 35f.
See also Bone turnover.

Methotrexate, for inflammatory
induced bone loss, 268

Methylprednisolone, 204t, 205. See also
Glucocorticoids.

Micro-CT, 85
Milk intake. See also Calcium intake.

in childhood, bone mass and, 24
Mobility, after hip fractures, 3, 58, 59f.

See also Immobility; Quality
of life.

Modulus of toughness, 42, 43f
Monogenic bone diseases, genetics of,

15
Morbidity. See Quality of life.
Morphological parameters, imaging

methods for, 83-84, 83t
Mortality, from fractures, 2-3, 2t

of distal forearm, 2-3, 2t, 7f
of hip, 2-3, 2t, 7f, 60
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Mortality, from fractures (Continued)
of pelvis, 62
of proximal humerus, 61, 62f
of vertebrae, 2-3, 2t, 7-8, 7f, 58

Motion artifacts, in magnetic resonance
imaging, 80-81, 81f

Multiple Outcomes of Raloxifene
Evaluation (MORE) study,
141-142

Muscle size and strength
androgens and, 149
bone mineral density and, 119
glucocorticoid effects on, 211. See

also Glucocorticoid-induced
myopathy.

vitamin D deficiency and, 132
Mycophenolate mofetil, 

transplant-related
osteoporosis and, 225, 225t

N

Nandrolone, bone mineral density
and, 153f

Nasal spray salmon calcitonin, 
157-162. See also Calcitonin.

National Osteoporosis Foundation
bone densitometry guidelines of, 27
treatment guidelines of, 31

North American Menopause Society
bone densitometry guidelines of, 28
treatment guidelines of, 31

N-terminal cross-linked telopeptide of
type I collagen peptides
(NTX), 89-90, 89f, 89t. See
also Biochemical markers.

Nuclear magnetic resonance imaging,
80. See also Magnetic
resonance imaging.

Nursing home admission
after hip fractures, 59f, 60
after pelvic fractures, 62

Nutrition
bone mass and, 38

in children, 24
in transplant recipients, 225

calcium in. See Calcium intake.
vitamin D intake and, 24, 38, 124,

133-137, 136f

O

OPG-L, in bone metabolism, 
209, 209f

OSIRIS questionnaire, 103, 104t
Osteitis fibrosa, in renal disease, 

223-224, 224t
Osteoarthritis, genetic factors in, 19
Osteoblasts, 36-37

apoptosis of, 37
in glucocorticoid-induced

osteoporosis, 208

Osteoblasts (Continued)
parathyroid hormone effects on,

176-178, 176f
therapeutic targeting of, 270
Wnt signaling pathway and, 177-178

Osteocalcin, 89, 89t, 90. See also
Biochemical markers.

fracture risk and, 92-93
glucocorticoid effects on, 210t, 211,

211f
post-translational modifications of,

92-93
Osteoclasts, 36, 249, 250-251

apoptosis of, 37
differentiation of, 256-257, 257f, 266
formation of, 250-251, 250f, 

255-256, 257f, 258f,266-267,
267f

in glucocorticoid-induced
osteoporosis, 208

in rheumatoid arthritis, 250, 251,
265-267

ITAM-associated receptors and,
256-257

parathyroid hormone effects on,
176, 176f

properties of, 249
regulation of, 249
therapeutic targeting of, 257-258,

268-270, 269t
Osteocytes, apoptosis of,

glucocorticoid-induced, 208
Osteogenesis imperfecta, 45

genetics of, 15, 38
Osteogenic sarcoma, parathyroid

hormone and, 180, 181
Osteoimmunology, 249
Osteomalacia

in renal disease, 224, 224t
myopathy in, 132
vitamin D deficiency and, 132

Osteopenia. See also Bone loss.
clinical definitions of, 1t, 33

T-scores and, 74
diagnostic criteria for, 1t, 33
established, definition of, 1t
fall prevention in, 109-110

Osteopetrosis, genetic factors in, 15
Osteoporosis. See also Bone loss.

biochemical markers of, 88-97
case finding for, 100-114
classification of, 1t
clinical definitions of, 1, 33-34

T-scores and, 74
diagnosis of. See Diagnosis.
drug-related, 28t
epidemiology of, 1-12
genetics of, 14-20
glucocorticoid-induced

osteoporosis, 39, 203-218

Osteoporosis (Continued)
in children, 11-12
in inflammatory disease, 237-270
pathogenesis of, 33-39
peak bone mass and, 22-24
risk factors for, 93, 101-102, 102t,

103t
secondary, causes of, 28t
systemic diseases associated with, 

28t
transplant-related, 221-233
treatment of. See Treatment.

Osteoporosis Risk Assessment Index,
28, 103, 104t

Osteoporosis Self-Assessment Tool
for men, 29f, 30f
for women, 29f, 103, 104t, 105f

Osteoporosis-pseudoglioma syndrome,
genetic factors in, 15, 38

Osteoprotegerin, 176. See also
RANK/RANKL.

cytokines and, 251, 252t
estrogen deficiency and, 254
in bone metabolism, 209, 209f, 251
in psoriatic arthritis, 253
in rheumatoid arthritis, 251, 257f,

266-268
pharmaceutical, 258

for rheumatoid arthritis, 269t

P

Pain. See also Quality of life.
calcitonin modulation of, 160-161
in hip fractures, 58, 59f
in proximal humerus fractures, 61
in vertebral fractures, 8, 105-106

clinical aspects of, 56-57
functional outcome and, 56, 56f,

57
Pamidronate, 164, 169. See also

Bisphosphonates.
for rheumatoid arthritis, 270
for transplant recipients

post-transplant, 231-232
pretransplant, 230, 230f, 231f

Paramethasone, 204t, 205. See also
Glucocorticoids.

Parathyroid hormone
decreased, in transplant recipients,

226
elevated

glucocorticoid-induced
osteoporosis and, 208-209

in renal disease, 223-224
in transplant recipients, 226

glucocorticoid effects on, 208-209
growth factors and, 176f, 177
in bone metabolism, 176-178, 176f
in calcium metabolism, 37, 175
pharmaceutical
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Parathyroid hormone (Continued)
after raloxifene, 185
anabolic action of, 176-177, 180
bone mineral density and, 180-182
clinical studies of, 179-184
contraindications to, 181
discontinuation of, 198, 200
efficacy of, 178-184, 186t-187t, 189
for glucocorticoid-induced

osteoporosis,188-189, 218
for inflammatory induced bone

loss, 269, 270
for male osteoporosis, 185-188,

186t
for rheumatoid arthritis, 270
for transplant recipients, 232
future directions for, 189
historical perspective on, 175
in fracture reduction, 180-182,

186t-187t
in males, 185-187, 186t

mechanism of action of, 47, 
176-179, 176f

monitoring of
biochemical markers in, 96, 97f
bone densitometry in, 96

osteogenic sarcoma risk and, 180,
181

pharmacokinetics of, 179-180
preclinical studies of, 178-179
regimens of, 186t-187t
side effects of, 180, 182
with bisphosphonates

in combination therapy, 170,
184, 186t-187t, 189, 195-198,
196f, 197f

in males, 188
in sequential therapy, 184-185,

187t, 189, 198
with selective estrogen receptor

modulators
in combination therapy, 170,

183-184, 195-196
in sequential therapy, 185

Wnt signaling pathway and, 177-178
Parathyroid hormone receptors, 176,

176f
Pathogenesis, 33-39

androgen deficiency in, 146-153
bone growth and remodeling and,

34-36
bone resorption vs. bone formation

in, 34-35
calcium metabolism in, 37
cellular basis of, 36-37
contributory factors in, 34t
drugs in, 28t, 39
estrogen deficiency in, 37, 254-255
genetic factors in, 37-38. See also

Genetic factors.

Pathogenesis (Continued)
mechanical loading and, 38-39
nutritional factors in, 24, 38, 225
physical activity and, 38-39
physiological basis of, 37
pregnancy in, 37

PDE4D gene, 19
Peak bone mass, 22-24. See also Bone

mass.
bone mass in later life and, 22-23,

22f, 35, 36f
definition of, 22
factors affecting, 23-24, 35
genetic factors in, 23, 37-38
glucocorticoids and, 205-206
timing of, 22-23

Pediatric patients. See Children.
Pelvic fractures

clinical aspects of, 61-62
comorbidities in, 62, 63
functional impact of, 62
mortality from, 62
stress, in rheumatoid arthritis, 63

Periosteal apposition, age-related, 46,
46f

Peripheral bone densitometry, 72-74,
73f. See also Bone
densitometry.

Phenytoin, bone loss due to, 39
Physical activity, 117-120

bone mass and, 38-39
in childhood, 23-24, 118

cessation of, 119. See also
Immobility.

in adulthood and old age, 118-119
in children and adolescents, 23-24,

118
in fall prevention, 119-120
in fracture prevention, 117-118

with calcium supplementation,
128

in transplant recipients, 229, 229f
limitations on. See also Quality of

life.
with hip fractures, 58-60, 59f
with pelvic fractures, 62
with proximal humerus fractures,

61
with vertebral fractures, 56, 56f,

57
Polymyalgia rheumatica

glucocorticoid-induced bone loss in,
245

osteoporosis in, 245
Pooled DNA studies, 19
Post-transplant osteoporosis. See

Transplant-related
osteoporosis.

Prednisone, 204t, 205. See also
Glucocorticoids.

Pregnancy
maternal insults in, pediatric bone

mass and, 24, 38
osteoporosis in, 37

Prevalence. See Epidemiology.
Prevalent Vertebral Fracture Index,

106, 107f
Prevention, of fractures. See Fracture

prevention.
Procollagen type I N-terminal

propeptide (PINP), 89, 89t.
See also Biochemical
markers.

Programmed cell death, in
pathogenesis, 37

PROOF study, 158-159, 161
Prostate cancer, androgen deprivation

therapy for, bone loss due to,
39, 147

Proximal humerus fractures
clinical aspects of, 60-61
economic impact of, 61
functional outcome of, 61
minimally displaced vs.

comminuted, 61
mortality from, 61, 62f
risk of future fractures and, 61
risk of over lifetime, 60-61
sites and types of, 61

Psoriatic arthritis, osteoporosis in
epidemiology of, 245
pathogenesis of, 253-254, 266

Puberty, exercise effects on bone after,
118

Pulmonary disease, osteoporosis in,
222-223, 222t. See also
Transplant-related
osteoporosis.

PvuII gene, 18
Pyridinoline, 89-90, 89f, 89t, 91. See also

Biochemical markers.

Q

Quality of life
comorbidities and, 63
with fractures, 3, 55-63, 56f

of distal forearm, 11, 60
of hip, 2, 3-4, 58-60, 59f
of pelvis, 62
of proximal humerus, 61
of vertebrae, 7, 8, 8f, 56, 

57-58
Quantitative computed tomography,

in bone densitometry, 71-72,
71f

radiation dose in, 72t
Quantitative trait loci, 15t, 16
Quantitative ultrasonography, in bone

densitometry,72-74, 73f. See
also Bone densitometry.
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Questionnaires, in case finding/risk
assessment, 28, 29f, 30f, 103,
104t, 105f

R

Race/ethnicity
in bone mineral density, 4
in incidence

of hip fractures, 4
of vertebral fractures, 9

Radiation dose, in bone densitometry,
72, 72t

Radiography, 72. See also Imaging
studies.

of vertebral fractures, 106-107
radiation dose in, 72t
vs. magnetic resonance imaging, 78,

79f
Radius, fractures of. See Distal forearm

fractures.
Raloxifene. See also Selective estrogen

receptor modulators.
breast cancer risk and, 141-142
clinical trial of, 141-142
discontinuation of, bone health

after, 143
duration of use of, 143
in fracture prevention, 109, 141-143,

142f
indications for, 141, 143
mechanism of action of, 47, 141
monitoring of

biochemical markers in, 96
bone densitometry in, 96

vs. bisphosphonates, 142-143
with bisphosphonates, 193-195, 

194f
with hormone replacement therapy,

193-195, 194f
with parathyroid hormone

in combination therapy, 183-184
in sequential therapy, 185

RANK/RANKL
cytokines and, 251, 252t
estrogen deficiency and, 254-255
in bone metabolism, 209, 250-251,

252t, 255-256, 255f
in estrogen-deficiency bone loss,

253-254
in osteoclastogenesis, 250-251, 

252t
in psoriatic arthritis, 253
in rheumatoid arthritis, 251, 

266-268, 267f
in spondyloarthropathies, 253
therapeutic applications of, 258,

268-270
Rapamycin, transplant-related

osteoporosis and,
225, 225t

Reactive arthritis, pathogenesis of, 
252-253. See also
Inflammation-induced 
bone loss.

Recombinant human parathyroid
hormone. See also
Parathyroid hormone,
pharmaceutical.

pharmacokinetics of, 179-180
Remodeling. See Bone turnover.
Renal osteodystrophy, 222t, 223-224.

See also Transplant-related
osteoporosis.

Rheumatoid arthritis
bone densitometry in, 240
bone loss in, 251

epidemiology of, 237-240
fractures in, 63, 240
glucocorticoid-related, 238, 

239t
osteoclasts in, 265-267, 267f
pathogenesis and pathophysiology

of, 238-240, 249-252, 
265-268

prevention and treatment of, 
265-271

tumor necrosis factor in, 268
types of, 265-266

falls in, 240
Risedronate, 165f, 167-168, 168f. See

also Bisphosphonates.
for glucocorticoid-induced

osteoporosis, 218
in fracture prevention, 109
monitoring of

biochemical markers in, 96, 97f
bone densitometry in, 96

with hormone replacement therapy,
194f

Risk assessment, 27, 33, 100-114
biochemical markers in, 93-95, 95f.

See also Biochemical
markers.

bone mineral density in, 27, 33, 88,
95f, 110, 110f. See also Bone
densitometry; Bone mineral
density.

case finding and, 100-114. See also
Case finding.

drug therapy and, 109-110
for fragility fractures, 101-114. See

also Fracture(s).
for glucocorticoid-induced

osteoporosis, 113-114,
113f, 113t

in males, 112-113, 112t
multifactorial, 108-112
tools for, 28, 29f, 30f, 103, 105f
without bone densitometry, 110,

110t

Risk factors, 93, 101-102, 102t, 103t
classification of, 101, 102t, 103t
cumulative effect of, 102
for falls, 109-110
for fractures, 101-114

bone mineral density as, 27, 33,
35, 103-114

prior fractures as, 103-108
identification of. See Case finding;

Risk assessment.
impact of, 101, 103t
in males, 112-113, 112t
interrelation of, 101-102, 104f
low bone mineral density as, 27, 33,

35, 102-103, 107-109
prevalence of, 101, 103t
significance of, 101, 103t
vitamin D deficiency as, 133

S

Salmon nasal spray calcitonin, 157-
162. See also Calcitonin.

Salt, bone mass and, 38
Sarcoma, osteogenic, parathyroid

hormone and, 180, 181
Scaling index method, in magnetic

resonance imaging, 83
Scleroderma, osteoporosis in,

epidemiology of, 244-245
SCORE (Simple Calculated

Osteoporosis Risk Equation),
28, 103, 104t

Screening
bone densitometry in, 75. See also

Bone densitometry.
guidelines for, 27-31
universal, benefits of, 28-31

Seasonal variations
in distal forearm fracture incidence,

11
in hip fracture incidence, 5

Selective estrogen receptor modulators,
141-143

bone mineral density and, 141
breast cancer risk and, 141-142
discontinuation of, bone health

after, 143
duration of use of, 143
in fracture prevention, 109, 141-143,

142f
indications for, 141
mechanism of action of, 47, 141
monitoring of

biochemical markers in, 96
bone densitometry in, 96

vs. bisphosphonates, 142-143
with bisphosphonates, 193-195,

194f, 195f
with hormone replacement therapy,

193-195, 194f
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Selective estrogen receptor modulators,
(Continued)

with parathyroid hormone
in combination therapy, 170, 

183-184, 195-196
in sequential therapy, 185

Self-assessment tools, for risk
assessment, 28, 29f, 30f

Sex hormone–binding globulin, 146
Sex hormones. See also Androgen(s);

Estrogen(s).
bone health and, 118

in males, 118, 145-153
in transplant recipients, 225-226

Shear modulus, in torsional tests, 50
Shear stress, in torsional tests, 50
Signal-to-noise ratio, in magnetic

resonance imaging, 80
Simple Calculated Osteoporosis Risk

Equation (SCORE), 28, 103,
104t

Single X-ray absorptiometry, 66-67.
See also Bone densitometry.

radiation dose in, 72t
Size-strength correlation, for bone, 43,

44f
Skeleton graphs, in magnetic

resonance imaging, 83
Smoking

fractures and, 39
in pregnancy, pediatric bone mass

and, 24
Sodium fluoride, 175
SOFSURF questionnaire, 103, 104t
Sp1 polymorphism, 17-18, 19, 36
Spatial autocorrelation analysis, in mag-

netic resonance imaging, 83
Spinal fractures. See Vertebral

fractures.
Spiral fractures, 44, 45f
Statins, bone mass and, 39
Steroids. See Glucocorticoids.
Stiffness, bone, 41, 42f

Young modulus and, 42-43, 43f, 
44, 44f

Stoop, in vertebral fractures, 56-57
Strength

bone. See Bone strength.
muscle, bone mineral density and,

119
Stress fractures. See also Fracture(s).

in rheumatoid arthritis, 63
Stress-strain curve, 42-43, 43f
Strontium ranelate, 198, 199f

in fracture prevention, 109
Study of Osteoporotic Fractures

(SOF), 103, 110
Sun exposure

bone mass and, 24, 38
in childhood, 24

Sun exposure (Continued)
vitamin D synthesis and, 132

in elderly, 133
Susceptibility artifacts, in magnetic

resonance imaging, 80
Systemic diseases, osteoporosis-

associated, 28t
Systemic lupus erythematosus,

osteoporosis in
epidemiology of, 240-242
fracture risk in, 242
glucocorticoid-induced, 241-242
in males, 242
pathogenesis of, 240-242, 241t

Systemic sclerosis, osteoporosis in,
epidemiology of, 244-245

T

T cells
in osteoclastogenesis, 255, 266, 267f
in rheumatoid arthritis, 251
RANKL expression by, 255, 266,

267f
Tacrolimus, transplant-related

osteoporosis and, 225, 225t
Tamoxifen. See also Selective estrogen

receptor modulators.
bone loss due to, 39
bone mineral density and, 141

Tartrate resistant acid phosphatase
(TRACP), 90. See also
Biochemical markers.

TCIRG1 mutations, 15
Tensile testing, in biomechanical

assessment, 48
Teriparatide, 200. See also Parathyroid

hormone, pharmaceutical.
discontinuation of, 200
pharmacokinetics of, 179-180

Testosterone. See also Androgen(s).
endogenous

age-related decreased in, 146,
149-150

bone health and, 145, 146, 
149-153, 150f

deficiency of, glucocorticoid-
related, 206

serum levels of, in transplant
recipients, 225-226, 226f

synthesis of, 145
pharmaceutical. See Androgen

replacement therapy.
Therapy. See Treatment.
Thiazide diuretics, bone mass and, 39
Three-point loading test, 48-50, 49f
Thresholding, in magnetic resonance

imaging, 80-81
Toremifene, 141. See also Selective

estrogen receptor
modulators.

Torsional testing, in biomechanical
assessment, 50-51

Total hip arthroplasty, postfracture, 63
Toughness, bone, 42, 43f

age-related decline in, 46
collagen in, 44
microdamage accumulation and, 46

Trabecular bone
childhood exercise and, 118
magnetic resonance imaging of, 

77-85. See also Magnetic
resonance imaging.

morphological parameters for,
imaging of, 83-84, 83t

osteoporotic changes in, 84, 84f
TRANCE (tumor necrosis

factor–related activation-
induced cytokine). See
RANK/RANKL.

Transforming growth factor, 18. See
also Growth factors.

in bone formation, 36
in estrogen-deficiency bone loss,

254-255
RANKL/osteoprotegerin expression

and, 252t
Transplant-related osteoporosis, 221-

233
bone histomorphometry in, 227-228
bone mineral density in, 226, 227f
fracture risk in, 226-227, 227f, 227t
glucocorticoids and, 225, 232, 232f
hypothalamic-pituitary-gonadal axis

alterations in, 225-226, 226f
immobilization and, 225
immunosuppressive drugs in, 224-

225, 224f, 225t
calcineurin inhibitors, 225, 225t,

232
malnutrition and, 225
parathyroid hormone levels and, 226
pathogenesis of, 221-226

multifactorial nature of, 221, 222f
pretransplant bone disease and, 221-

224, 222f
in congestive heart failure, 223,

223f
in end-stage pulmonary disease,

222-223
in hepatic disease, 221-222, 222f
in renal disease, 223-224, 224t

prevalence of, 221, 221f, 222t
prevention and treatment of

bone densitometry in, 228-229
calcium therapy in, 228
exercise in, 229
for long-term recipients, 231-232
pretransplant measures in, 228-

231
vitamin D levels and, 226
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Treatment. See also specific agents.
cost-benefit analysis for, 31
guidelines for, 31
intervention thresholds for, 102, 

109
monitoring of

biochemical markers in, 95-96,
97f

bone densitometry in, 96, 108
planning of, bone densitometry in,

75
T-score cutpoints for, 31, 75

Triamcinolone, 204t, 205. See also
Glucocorticoids.

T-scores. See also Bone densitometry.
age-related changes in, 73f
as intervention threshold, 102, 

109
clinical uses of, 74
diagnostic uses of, 31, 74
therapeutic uses of, 31, 75

Tumor necrosis factor blockers, for
inflammatory induced bone
loss, 268

Tumor necrosis factor-α
in estrogen-deficiency bone loss, 

254
in osteoclastogenesis, 255-256, 

266-268, 267f
in psoriatic arthritis, 254
in rheumatoid arthritis, 251, 252t,

268
in spondyloarthropathies, 253
RANKL/osteoprotegerin expression

and, 252t
Tumor necrosis factor–related

activation-induced cytokine
(TRANCE). See
RANK/RANKL.

Twin studies, 14, 17. See also Genetic
studies.

Type I collagen–related biochemical
markers, 89-90, 89f, 89t, 98.
See also Biochemical
markers; Collagen.

U

Ulnar fractures. See Distal forearm
fractures.

Ultimate displacement, load-
displacement curve and,
41, 42f

Ultimate force, load-displacement
curve and, 41, 42f

Ultimate strain, 42, 43f
Ultimate strength, 42, 43f
Ultrasonography, quantitative, in bone

densitometry, 72-74, 73f. 
See also Bone 
densitometry.

United States Preventive Services Task
Force, bone densitometry
guidelines of, 28

V

VDR gene, 19, 38
Vertebrae, bone densitometry of. See

also Bone densitometry.
dual X-ray absorptiometry in, 69,

69f
quantitative computed tomography

in, 71-72, 71f
Vertebral deformities

in rheumatoid arthritis, 63, 240
vs. fractures, 6, 61

Vertebral fractures. See also
Fracture(s).

acute symptomatic
clinical aspects of, 56
functional impact of, 56

bone densitometry for, 69, 69f, 
71-72, 71f. See also Bone
densitometry.

case finding for, 105-107
classification of, 6
“clinical,” 105
clinical features of, 105-106, 106f
comorbidities in, 63
definition of, 6
diagnosis of, 105-107
differential diagnosis of, 107-108

in males, 113
economic impact of, 58
epidemiology of, 2f, 6-10, 55-56, 56
functional impact of, 7, 56, 57, 105,

106, 106f
gender and, 8-9, 55-56
health impact of, 7, 8f
history in, 105
hyperkyphosis in, 106, 106f
in ankylosing spondylitis, 243-244,

244t, 253
in males, 112-113, 112t
in rheumatoid arthritis, 240
in systemic lupus erythematosus,

242
incidence of, 6-7, 6f

age and, 1-2, 2f, 3t, 8, 8f, 55-56
ethnicity and, 9
gender and, 8-9, 55-56
geographical variations in, 10
time trends in, 10, 10f

mortality from, 2-3, 2t, 7-8, 7f, 58
multiple/chronic

clinical aspects of, 56-57
functional impact of, 57

pain in, 7, 8, 56-57, 56f, 105-106
calcitonin for, 160
quality of life and, 56, 56f, 57

prevalence of, 7

Vertebral fractures (Continued)
prevention of, raloxifene in, 

141-143, 142f, 143f
radiographic findings in, 106-107
risk for new fractures and, 105
risk of. See also Fracture risk.

after previous fractures, 9-10, 9t,
56, 57

assessment of, 103-114. See also
Case finding; Risk
assessment.

hip fracture risk and, 57
over lifetime, 1-2, 2f, 3t, 55-56

risk of future fractures and, 57
sequelae of, 105
signs and symptoms of, 105
sites and types of, 57f
stoop and, 56-57
trauma history in, 105
vs. deformities, 6, 61

Vertebral height measurement, 69
Vertebral morphometry, 69
Vitamin D

food fortification with, 132-133
glucocorticoid effects on, 208
in calcium metabolism, 37
in transplant recipients, 226
pharmacological vs. physiological

uses of, 131
plasma levels of, age-related decline

in, 131-132
sources of, 132-133
synthesis and metabolism of, 131

Vitamin D deficiency
bone loss and, 132
clinical definition of, 133
clinical manifestations of, 132
falls and, 132, 133f
muscle function and, 132
osteomalacia and, 132
prevention of, 133

Vitamin D intake
bone mass and, 38, 124, 134-137,

138f
in childhood, 24

recommended daily, 132
Vitamin D receptor, in bone mineral

density, 17
Vitamin D therapy, 124

bone mass and, 133-137, 136f
dosage of, 133
efficacy of, 133-137, 136f
for glucocorticoid-induced

osteoporosis, 217
for osteoporosis and fracture

prevention, 126-128,
133-137, 136f

for osteoporosis treatment, 124,
127-128,
134-137, 136f
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Vitamin D therapy (Continued)
for postmenopausal women, 

125-127, 133-137
for transplant recipients, 228, 

229-230, 231
intestinal calcium absorption and,

134
with calcium, 126-128
with hormone replacement therapy,

127-128, 128f

W

Walking, after hip fractures, 3, 
58, 59f

Websites
for bone densitometry guidelines,

27t
for treatment guidelines, 31

Weight, birth, bone mass and, 24
Wnt signaling pathway, 177-178
Women’s Health Initiative, 135, 164, 182
World Health Organization

calcium/vitamin D supplementation 
guidelines of, 33

diagnostic criteria of, 33
World Orthopaedic Osteoporosis

Organization, 108
Wrist fractures. See Distal forearm

fractures.

X

XbaI gene, 18

Y

Yield point, of stress-strain curve, 
42-43, 43f

Young modulus, 42, 43f, 44, 44f
in bone fatigue measurement, 50-51
in torsional testing, 50-51

Z

Zoledronate, 165f, 169, 169f. See also
Bisphosphonates.

for rheumatoid arthritis, 269-270,
269t, 270f

Z-score, 108
arthritis, 269-270, 269t, 270f
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