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Bisphosphonates for Osteoporosis
Murray J. Favus, M.D.
This Journal feature begins with a case vignette that includes a therapeutic recommendation. A discussion
of the clinical problem and the mechanism of benefit of this form of therapy follows. Major clinical studies,
the clinical use of this therapy, and potential adverse effects are reviewed. Relevant formal guidelines,
if they exist, are presented. The article ends with the author’s clinical recommendations.

A 67-year-old woman was referred by her primary care physician for treatment of osteoporosis and progressive bone loss. One year before the visit, the patient had discontinued hormone-replacement therapy. She had subsequently begun to experience
midback pain and lost 3.8 cm (1.5 in.) in height. A dual-energy x-ray absorptiometry
(DXA) scan showed bone mineral density T scores of −3.1 at the lumbar spine and −2.8
at the femoral neck, which are consistent with a diagnosis of osteoporosis. One year
later, a second scan showed a further decrease of 5.4% in bone mineral density at the
lumbar spine (Fig. 1), as well as a compression fracture of the 11th thoracic vertebra
(Fig. 2). Results of blood and urine tests ruled out the common secondary causes of
osteoporosis. To prevent additional vertebral fractures, oral bisphosphonate therapy
was recommended.

The Cl inic a l Probl em
Osteoporosis is a systemic skeletal disorder that is characterized by the loss of bone
tissue, disruption of bone architecture, and bone fragility, leading to an increased
risk of fractures.1 Bone loss and low bone mass are asymptomatic until fractures
occur. Estrogen deficiency after menopause is the most common cause of osteoporosis, but secondary causes2 must be ruled out before treatment is undertaken
(Table 1).
Osteoporosis is the most common metabolic bone disease and the most common
cause of fractures in older adults in the United States. Ten million people in the
United States have osteoporosis, and an additional 33 million people have low bone
mass (osteopenia) and are at increased risk for fractures.4,5 More than 2 million
fractures occur each year as a result of osteoporosis or osteopenia, including
300,000 hip fractures, 547,000 vertebral fractures, and 135,000 pelvic fractures. Postmenopausal white women have a 40% lifetime risk of at least one osteoporotic
fracture.4
Osteoporotic hip fractures are associated with the highest morbidity and mortality. Up to 50% of patients with such fractures have permanently impaired mobility, and 25% lose the skills necessary to live independently.6,7 A recent meta-analysis
showed that among older men and women, the rate of death from any cause is
increased by a factor of 5 to 8 during the first 3 months after a hip fracture.8
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Pathoph ysiol o gy a nd Effec t of Ther a py
Estrogen deficiency due to either spontaneous or surgical menopause9 increases the
production by bone marrow stromal cells and osteoblasts of the receptor activator
of nuclear factor κB ligand (RANKL), which, in turn, increases the binding of
RANKL10 to the osteoclast cell-surface receptor nuclear factor κB (RANK). Increased
n engl j med 363;21
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binding of RANKL to RANK initiates the proliferation of osteoclast precursors and their differentiation into mature osteoclasts.10-12 The expanded osteoclast population increases bone turnover
and the depth and number of resorption pits
(Fig. 3). Later in the course of menopause, agerelated bone loss and accompanying changes in
the properties of bone material exacerbate the
bone loss and fragility associated with estrogen
deficiency.10 At the microscopical level, the increased number and activity of osteoclasts disrupt
trabecular connectivity and increase cortical porosity.9,11 Resorption pits are incompletely filled,
since osteoblastic new bone formation does not
keep pace with rates of bone resorption.10 Reduced bone density and bone quality compromise
the mechanical weight-bearing properties of the
skeleton and confer a predisposition to fractures
occurring either spontaneously or when falls cause
mechanical overload.11
Bisphosphonates reduce fractures by suppressing bone resorption.12,13 The molecular structure
of the bisphosphonates (P-C-P) is analogous to
that of the naturally occurring pyrophosphates
(P-O-P), with two short side chains (R1 and R2)
attached to the C core.
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The R1 side chain determines bone-binding affinity, and the R2 side chain determines antiresorption potency. Bisphosphonates that are approved for use in the United States (alendronate,
ibandronate, risedronate, and zoledronate) have
nitrogen-containing R2 side chains14 that enCOLOR FIGURE
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of 8 at sites of active bone resorption.14,16,17 The
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bition of farnesyl pyrophosphate synthase (FPPS),
an enzyme in the mevalonate-to-cholesterol pathway.18,19 Inhibition of FPPS interferes with isoprenylation of small guanosine triphosphatases
(GTPases) at the ruffled border of the osteoclasts
and disrupts the attachment of osteoclasts to the
bone surface, which stops resorption and promotes early cell death.16,20

Cl inic a l E v idence
Three of the most important phase 3 trials of the
use of bisphosphonates for the treatment of osteoporosis are described below. In these trials, a
reduction in the rate of fractures was the primary
end point, and increases in bone mineral density
at the lumbar spine and a reduction in markers of
bone turnover were secondary end points.
In the Fracture Intervention Trial (FIT),21 2027
postmenopausal women at high risk for fracture,
with low bone density at the femoral neck and at
least one vertebral fracture, were randomly assigned to either placebo or alendronate, at a dose
of 5 mg daily for 24 months, followed by 10 mg
daily for the final 12 months of the trial. At 36
months, 15.0% of the women who received the
placebo and 8.0% of the women who were treated
with alendronate had sustained one or more new
vertebral fractures, as assessed by radiography
(P = 0.001). New hip fractures occurred in 2.1%
of the women in the placebo group and 1.1% of
the women in the alendronate group (P = 0.05).
In the Vertebral Efficacy with Risedronate
Therapy (VERT) trial,22 2458 postmenopausal
women with at least one vertebral fracture and a
T score at the lumbar spine of –2.0 or less were
randomly assigned to either placebo or risedronate at a dose of 2.5 mg or 5 mg daily. During the
course of the trial, data from other studies suggested that a dose of 2.5 mg was less effective
than a dose of 5 mg; therefore the 2.5-mg group
was discontinued. In the two remaining groups,
the rate of new vertebral fractures after 3 years
was 11.3% among subjects treated with 5 mg of
risedronate daily, as compared with 16.3% in the
placebo group (P = 0.003). In a subsequent trial,
risedronate was shown to be effective in reducing
the rate of hip fractures as well.23
The efficacy of zoledronic acid in the treatment
of osteoporosis was evaluated in the Health Outcomes and Reduced Incidence with Zoledronic
Acid Once Yearly trial (HORIZON; ClinicalTrials
.gov number, NCT00049829).24 In this trial,
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Figure 1. Dual-Energy X-Ray Absorptiometry (DXA) Scan of the Lumbar Spine.
Bone mineral density (BMD) was measured with the use of DXA in the 67-year-old woman described in the vignette (Panel A). The woman’s BMD is analyzed from lumbar spine L1 through L4 (Panel B). The BMD (rectangle) meets World Health Organization criteria for osteoporosis (T score of less than −2.5), as shown in the reference graph. The T score is the standard-deviation change in BMD from the
theoretical peak bone mass this woman had in her mid-20s to the current BMD. The z score is the standard-deviation difference between the mean BMD of a population matched for age, race, and sex and the patient’s current BMD. The current study (Panel C) shows
that her BMD (solid rectangle) is 5.4% lower than that indicated by the previous scan (open rectangle). A clinically significant change is
a change of more than 2.8%.

7765 postmenopausal women with osteoporosis
(T score of –2.5 or less or –1.5 or less with evidence of vertebral fracture) were randomly assigned to either zoledronic acid, at a dose of 5 mg
administered at baseline, 12 months, and 24
months, or placebo. At 36 months, the absolute
rate of new vertebral fractures as assessed by standard radiography was 3.3% in the zoledronic acid
group, as compared with 10.9% in the placebo
group (P<0.001). There were 52 new hip fractures
(1.4%) in the zoledronic acid group, as compared
with 88 (2.5%) in the placebo group (P<0.001).
Randomized, placebo-controlled trials of other
oral bisphosphonates, including ibandronate,25
clodronate,26 and etidronate,27 have shown that
these drugs also have efficacy in reducing the risk
of new vertebral fractures. However, because these
n engl j med 363;21

trials were not powered to show efficacy for the
treatment of hip fractures, the clinical usefulness
of these agents for preventing hip fractures is
currently unknown. Pamidronate has been used
to treat a variety of bone diseases in children and
adults. However, no randomized, placebo-controlled trial has been performed with sufficient
power to assess the efficacy of the drug for the
treatment of hip fracture in women with postmenopausal osteoporosis.

Cl inic a l Use
All postmenopausal women with measurements
of bone mineral density at either the spine or the
hip that meet World Health Organization (WHO)
criteria for osteoporosis (T score of less than −2.5)
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Figure 2. Dual-Energy X-Ray Absorptiometry (DXA) Scan of the Thoracic
and Lumbar Spine.
Vertebral deformation at the thoracic and lumbar spine was assessed in the
patient described in the vignette, with the use of the vertebral-fracture assessment on the same DXA scanner as that used for the measurement of
bone mineral density in Figure 1. Panel A shows thoracic kyphosis due to a
75% loss of height of T11. For comparison, Panel B shows a normal vertebral-fracture assessment in a 58-year-old woman without osteoporosis.

should receive long-term therapy with an agent
that has been proven to prevent fractures. In contrast, it may be difficult to decide whom to treat
among the large number of patients who have osteopenia (T score of −1.0 to −2.5). Many postmenopausal women in whom fractures develop have
osteopenia rather than osteoporosis; in these women, the fractures may occur because of the contributions of risk factors that are independent of bone
mineral density.28 I often use the WHO Fracture
Risk Assessment Tool (FRAX; www.sheffield.ac
.uk/FRAX/) to assist in making treatment decisions. FRAX is a calculator algorithm that incorporates risk factors with measurements of bone
mineral density, generating a quantitative estimate of the 10-year probability of a major osteoporotic fracture (hip, vertebral, humerus, or fore2030

n engl j med 363;21

of

m e dic i n e

arm) or of a hip fracture alone in patients who
have not yet begun therapy. In general, I initiate
pharmacologic treatment in patients who have a
10-year probability of a hip fracture that exceeds
3% or a 10-year probability of a major osteoporotic fracture that exceeds 20%.29
In addition to weighing the objective evidence,
I consider the patient’s lifestyle. I am more likely
to initiate treatment for low bone mass in a patient who wishes to continue participating in
sports or recreational activities such as cycling,
tennis, skiing, and running. Such patients are
likely to have a greater risk of falls and fractures
than are sedentary patients.
A major consideration in selecting therapy is
the risk of hip fracture. All treatments that have
been approved by the Food and Drug Administration (FDA) have shown efficacy in reducing the
rates of vertebral fracture, but not all have been
clearly shown to reduce the rate of hip fractures.
If bone mineral density at the hip is low, I usually select an agent for which there are trials
showing efficacy in preventing hip fractures. I
recommend either alendronate or risedronate if
the patient is capable of taking an oral agent. If
the patient cannot tolerate oral bisphosphonates,
then I may select intravenous zoledronic acid. If
bone density at the hip is normal or only mildly
reduced, I may select oral or intravenous ibandronate, which has not been shown to be effective
in reducing the risk of hip fracture.
Alternatives to bisphosphonates include the
anabolic agent teriparatide (parathyroid hormone
1-34), which reduces the risk of vertebral and nonvertebral fractures but, among subjects in a large,
pivotal trial, did not reduce the risk of hip fracture alone.30 Teriparatide is also more expensive
than the bisphosphonates and requires daily subcutaneous injection. Estrogen is effective in decreasing the risk of vertebral and hip fractures in
postmenopausal women31 but may confer increased risks of breast cancer and cardiovascular
disease. Raloxifene is an oral selective estrogenreceptor modulator (SERM) that decreases the risk
of vertebral fractures by 40 to 49%, but it may not
reduce the risk of nonvertebral fractures.32 Calcitonin administered by means of a nasal spray
is an antiresorptive agent that has limited efficacy in reducing the risk of vertebral fractures
and lacks efficacy in preventing hip fracture.33
Oral bisphosphonates must be taken after an
overnight fast either once weekly (alendronate at
a dose of 70 mg or risedronate at a dose of 35 mg),
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once monthly (ibandronate at a dose of 150 mg
or risedronate at a dose of 150 mg), or on 2 consecutive days once monthly (risedronate at a dose
of 75 mg). The tablets are taken with 6 to 8 oz of
tap water. The patient should remain upright for
at least 30 minutes after taking the drug to minimize gastroesophageal reflux. To optimize absorption, food, medications, and liquids other
than tap or filtered water should be avoided for
at least 30 to 45 minutes to allow for dissolution
of the tablet and gastric emptying.
Intravenous bisphosphonates include ibandronate (at a dose of 3 mg every 3 months) and zoledronic acid (at a dose of 5 mg every 12 months).
They are usually administered in an outpatient
facility that has the resources for administering
and monitoring intravenous infusions.
Oral and intravenous bisphosphonates are contraindicated in patients who have had a prior allergic reaction to a bisphosphonate or who have
an estimated creatinine clearance of 35 ml per
minute or less, vitamin D depletion (serum 25hydroxyvitamin D levels should be more than 30 ng
per milliliter before initiating bisphosphonates),
osteomalacia (vitamin D depletion or deficiency
causing defective mineralization), or hypocalcemia. Oral bisphosphonates are contraindicated in
patients who have impaired swallowing or esophageal disorders such as achalasia, esophageal varices, or severe gastroesophageal reflux or who are
unable to sit up for at least 30 minutes after taking the medication. There are no known interactions between bisphosphonates and other medications.
After initiating bisphosphonate therapy, I typically reevaluate the patient in 1 month to assess
tolerance and thereafter at 3 months, 6 months,
and 1 year. At 3 months and 6 months, I obtain
measurements of bone-turnover markers, such as
osteocalcin or serum C-terminal telopeptide of
type 1 collagen (CTX). At 1 year, and every 2 years
thereafter, I repeat the assessment of bone mineral density with the use of DXA. An increase in
bone mineral density is not required for a therapy
to be considered effective, but a substantial decline in bone mineral density requires further
evaluation.
Poor adherence to therapy should be suspected
if the patient has an otherwise unexplained decline in bone mineral density, a new fracture,
continued bone loss, or high rates of bone turnover that persist after 12 months of therapy. When
I suspect poor adherence, I ask the patient whethn engl j med 363;21

Table 1. Common Secondary Causes of Osteoporosis and Laboratory Evaluations.*
Possible Cause of Osteoporosis

Laboratory Test

Vitamin D deficiency

Measurement of serum 25-hydroxyvitamin
D level

Primary hyperparathyroidism

Measurement of fasting serum calcium
and parathyroid hormone levels

Celiac disease

Measurement of serum tissue transglutaminase, total IgA, and gliadin levels

Idiopathic hypercalciuria

Measurement of 24-hour urine calcium
excretion after discontinuation of
calcium supplements

Hyperthyroidism

Measurement of serum thyrotropin and
total thyroxine levels

Myeloma

Serum and urine immunoelectrophoresis

* Additional information regarding secondary causes of osteoporosis can be
found in Tannenbaum et al.2 and Jamal et al.3

er he or she has had any side effects and attempt
to document the patient’s use of the drug by
measuring markers of bone turnover. Evidence of
treatment failure in a patient with good adherence to an oral bisphosphonate regimen requires
a change to either intravenous zoledronic acid or
another class of medications such as anabolic
agents (e.g., teriparatide).
The optimal duration of bisphosphonate therapy remains unresolved. However, on the basis
of available data, it seems likely that discontinuing therapy after 5 years, at least for a temporary
drug holiday, is not harmful and may be advantageous.34 Patients with mildly reduced bone mineral density may be the most suitable candidates
for a 1-year to 2-year drug holiday, because the
risk of fracture will be low if bone loss occurs
while the person is not receiving therapy.
Generic alendronate was introduced in 2008
and is less expensive than other agents, with cost
ranging from $4 to $40 per month. The cost of
risedronate ranges from $60 to $120 per month;
generic risedronate will become available in the
near future. The cost of oral ibandronate ranges
from $90 to $130 per month. One infusion of zoledronic acid is estimated to cost $1,300; intravenous ibandronate costs about $1,300 per year.

A dv er se Effec t s
An acute-phase reaction characterized by fever,
myalgia, bone pain, and weakness35 occurs in 20%
of patients after an initial intravenous infusion of
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Figure 3. Cellular Elements Involved in Postmenopausal Trabecular Bone Turnover before and during Bisphosphonate Therapy.
Panel A shows the untreated postmenopausal state, in which osteoclast-mediated bone resorption occurs at a high rate, exceeding osteoblast-driven bone formation and leading to net bone loss. Panel B shows the initial events associated with bisphosphonate therapy,
including the localization and concentration of bisphosphonates in bone through binding to sites of active bone resorption. Panel C
shows the effects of bisphosphonates after 6 months of therapy. The number of osteoclasts has decreased owing to early apoptosis. As
a result, bone resorption is decreased, and osteoblasts and bone formation are also decreased. The bisphosphonate concentration is reduced around previous resorption pits. A lower steady-state rate of bone turnover, similar to premenopausal rates, is established.

bisphosphonates and in a very small number of
patients during oral therapy. Erosive esophagitis,
ulceration, and bleeding have been associated with
daily oral alendronate or risedronate therapy but
occur rarely with current (nondaily) regimens.
Heartburn, chest pain, hoarseness, and vocal-cord
irritation36 may occur with weekly (alendronate
or risedronate) or monthly (ibandronate or rised
ronate) therapy. A relationship between esophageal cancer and oral bisphosphonates, suggested
on the basis of a small number of case reports,
has not been substantiated.37
Transient renal toxic effects can occur after
rapid intravenous administration.38,39 Slow infusion rates (no less than 15 minutes) and lower
doses minimize peak drug serum levels and the
risk of renal damage. Bisphosphonates are not
recommended when creatinine clearance is less
than 35 ml per minute.38 Dose reductions may be
required for patients with stage III chronic kidney disease (as defined by an estimated glomerular filtration rate between 59 and 30 ml per minute
per 1.73 m2 of body-surface area). Mild transient
hypocalcemia is a rare complication of intrave-

2032
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nous bisphosphonate therapy that may require an
interruption in treatment,40 but once the serum
calcium level has returned to the normal range,
therapy can be resumed. Severe hypocalcemia is
a contraindication for continued administration.
Osteonecrosis of the jaw is a rare but serious
complication of long-term bisphosphonate therapy that may appear either spontaneously or after
an oral surgical procedure. Exposed mandibular or maxillary dead bone, nonhealing mucosa,
and chronic infection may persist for weeks to
years.41-43 More than 95% of cases of osteonecrosis of the jaw occur in patients who are receiving zoledronic acid or pamidronate for the
treatment of myeloma, breast cancer, or other
bone cancers at doses 10 to 12 times as high as
those used for the treatment of osteoporosis.42,44
Case reports suggest that atypical femoral fractures (in the subtrochanteric and mid-diaphyseal
portions of the femur) may be more common
during bisphosphonate therapy.37,45 Recent data
from a cross-sectional study of femur fractures
recorded in the Danish national health registry46
and a pooled post hoc analysis of the trials that
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studied the effects of alendronate and zoledronic acid on the incidence of fractures47 showed no
relationship between the use of bisphosphonates
and atypical femur fractures. However, these reports are not definitive, and the possibility of a
relationship continues to be investigated.

A r e a s of Uncer ta in t y
The optimal duration of bisphosphonate therapy
remains uncertain. Recent retrospective studies
and case reports suggest that long-term bisphosphonate therapy may result in the suppression of
bone turnover and confer a predisposition to increased bone fragility, with an increased risk for
atypical femur fractures.37 Markers of bone turnover underestimate the extent of suppressed bone
formation,12,48 and their usefulness in monitoring
long-term safety may therefore be limited. An accumulation of microcracks in bone-biopsy specimens was found in one study of patients receiving alendronate therapy when the analysis was
adjusted for potential confounders such as age
and bone mineral density at the femoral neck49
but not in another study of long-term alendronate therapy (mean, 6.5 years).50 Prospective studies are needed to estimate the long-term risk of
side effects associated with bisphosphonate therapy, including osteonecrosis of the jaw and atypical femur fractures. Until a better estimate of the
risk of these complications emerges, one must
balance the long-term risk of these uncommon
complications against the known efficacy of the
agents in reducing rates of common osteoporotic
fractures. It is also not known whether these complications can be minimized by periodic rotation
of treatment from one class of agents to another.

Gynecologists,54 and the North American Menopause Society6 agree that persons with osteoporosis (bone mineral density T score of less than
−2.5) or low bone mass and hip or vertebral fractures should receive treatment. These guidelines
also suggest that persons with T scores higher
than −1.5 should not receive therapy unless there
is clinical evidence of osteoporosis. Thus, controversy remains regarding the indications for treatment among people with mild reductions in bone
density. The guidelines include oral bisphosphonates among the first-line therapies for osteoporosis but do not name specific FDA-approved drugs.

R ec om mendat ions

The patient described in the vignette is at high
risk for additional fractures on the basis of her
history of vertebral compression fracture and a
bone mineral density T score in the osteoporosis
range. A drug with efficacy in preventing hip and
spinal fractures is required, and I would treat the
patient with either alendronate or risedronate for
5 years. After 5 years of treatment, I would decide
whether a drug holiday might be appropriate for
this patient, taking into consideration the fact
that she is at high risk for recurrent fracture. I
would suggest a calcium intake of 1200 mg per
day from dietary sources, with calcium supplements as a second choice. I would also measure
the serum 25-hydroxyvitamin D level and select
an appropriate level of vitamin D intake, encourage regular weight-bearing exercise, and emphasize the importance of adherence to procedures
for taking the medication. I would use measurements of bone mineral density to monitor her response to therapy 12 months after treatment is
initiated and then at 24-month intervals as needed.
A decline in bone mass or another low-trauma
Guidel ine s
fracture would require careful review of the treatGuidelines for the management of osteoporosis ment plan and possible selection of another agent.
published by the National Osteoporosis FoundaDr. Favus reports receiving honoraria and consulting fees
tion,51 the American Association of Clinical En- from CVS Caremark and Amgen. No other potential conflict of
interest relevant to this article was reported.
docrinologists,52 the American College of PhysiDisclosure forms provided by the author are available with the
53
cians, the American College of Obstetricians and full text of this article at NEJM.org.
References
1. NIH Consensus Development Panel

on Osteoporosis Prevention, Diagnosis, and
Therapy. Osteoporosis prevention, diagnosis, and therapy. JAMA 2001;285:785-95.
2. Tannenbaum C, Clark J, Schwartzman

K, et al. Yield of laboratory testing to identify secondary contributors to osteoporosis in otherwise healthy women. J Clin
Endocrinol Metab 2002;87:4431-7.
3. Jamal SA, Leiter RE, Bayoumi AM,

n engl j med 363;21

nejm.org

Bauer DC, Cummings SR. Clinical utility
of laboratory testing in women with osteoporosis. Osteoporos Int 2005;16:534-40.
4. Bone health and osteoporosis: a report of the Surgeon General. Rockville,

november 18, 2010

The New England Journal of Medicine
Downloaded from www.nejm.org at KAISER PERMANENTE on November 17, 2010. For personal use only. No other uses without permission.
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

2033

The

n e w e ng l a n d j o u r na l

MD: Department of Health and Human
Services, 2004.
5. Advisory Group on Osteoporosis. Report. London: Department of Health, 1994.
6. Management of osteoporosis in postmenopausal women: 2010 position statement of the North American Menopause
Society. Menopause 2010;17:25-54.
7. Cooper C, Atkinson EJ, Jacobsen SJ,
O’Fallon WM, Melton LJ III. Populationbased study of survival after osteoporotic
fractures. Am J Epidemiol 1993;137:1001-5.
8. Haentjens P, Magaziner JS, ColónEmeric CS, et al. Meta-analysis: excess
mortality after hip fracture among older
women and men. Ann Intern Med 2010;
152:380-90.
9. Raisz LG. Pathogenesis of osteoporosis: concepts, conflicts, and prospects.
J Clin Invest 2005;115:3318-25.
10. Khosla S. Pathogenesis of osteoporosis. In: Robertson RP, ed. Translational
endocrinology & metabolism: osteoporosis update. Chevy Chase, MD: The Endocrine Society, 2010:55-86. (http://www
.endojournals.org/translational/issues/
osteoporosis.pdf.)
11. Seeman E, Delmas PD. Bone quality
— the material and structural basis of
bone strength and fragility. N Engl J Med
2006;354:2250-61.
12. Hofbauer LC, Schoppet M. Bone biology underlying therapeutic approaches. In:
Robertson RP, ed. Translational endocrinology & metabolism: osteoporosis update.
Chevy Chase, MD: The Endocrine Society,
2010:117-48. (http://www.endojournals.org/
translational/issues/osteoporosis.pdf.)
13. Rodan G, Reszka A, Golub E, Rizzoli
R. Bone safety of long-term bisphosphonate treatment. Curr Med Res Opin 2004;
20:1291-300.
14. McClung MR. Bisphosphonates. Endocrinol Metab Clin North Am 2003;32:
253-71.
15. Russell RG, Watts NB, Ebetino FH,
Rogers MJ. Mechanisms of action of
bisphosphonates: similarities and differences and their potential influence on clinical efficacy. Osteoporos Int 2008;19:73359.
16. Sato M, Grasser W, Endo N, et al.
Bisphosphonate action: alendronate localization in rat bone and effects on osteoclast ultrastructure. J Clin Invest 1991;
88:2095-105.
17. Masarachia P, Weinreb M, Balena R,
Rodan GA. Comparison of the distribution of 3H-alendronate and 3H-etidronate
in rat and mouse bones. Bone 1996;19:
281-90.
18. Bergstrom JD, Bostedor RG, Masarachia PJ, Reszka AA, Rodan GA. Alendronate is a specific, nanomolar inhibitor of
farnesyl diphosphate synthase. Arch Biochem Biophys 2000;373:231-41.
19. Fisher JE, Rogers MJ, Halasy JM, et al.
Alendronate mechanism of action: geranylgeraniol, an intermediate in the meval

2034

of

m e dic i n e

onate pathway, prevents inhibition of osteoclast formation, bone resorption, and
kinase activation in vitro. Proc Natl Acad
Sci U S A 1999;96:133-8.
20. Luckman SP, Hughes DE, Coxon FP,
Graham R, Russell RG, Rogers MJ. Nitrogen-containing bisphosphonates inhibit
mevalonate pathway and prevent posttranslational prenylation of GTP-binding
proteins, including Ras. J Bone Miner Res
1998;13:581-9.
21. 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 1996;
348:1535-41.
22. Harris ST, Watts NB, Genant HK, et
al. Effects of risedronate treatment on
vertebral and nonvertebral fractures in
women with postmenopausal osteoporosis: a randomized controlled trial. JAMA
1999;282:1344-52.
23. McClung MR, Geusens P, Miller PD, et
al. Effect of risedronate on the risk of hip
fracture in elderly women. N Engl J Med
2001;344:333-40.
24. Black DM, Delmas PD, Eastell R, et al.
Once-yearly zoledronic acid for treatment
of postmenopausal osteoporosis. N Engl J
Med 2007;356:1809-22.
25. Chestnut CH III, Skag A, Christiansen
C, et al. Effects of oral ibandronate administered daily or intermittently on fracture risk in postmenopausal osteoporosis. J Bone Miner Res 2004;19:1241-9.
26. McCloskey E, Selby P, Davies M, et al.
Clodronate reduces vertebral fracture risk
in women with postmenopausal or secondary osteoporosis: results of a doubleblind, placebo-controlled 3-year study.
J Bone Miner Res 2004;19:728-36.
27. Wells GA, Cranney A, Peterson J, et al.
Etidronate for the primary and secondary
prevention of osteoporotic fractures in
postmenopausal women. Cochrane Database Syst Rev 2008;1:CD003376.
28. Cranney A, Tugwell P, Adachi J, et al.
Meta-analyses of therapies for postmenopausal osteoporosis. III. Meta-analysis of
risedronate for the treatment of postmenopausal osteoporosis. Endocr Rev
2002;23:517-23.
29. Dawson-Hughes B, Looker AC, Tosteson AN, Johansson H, Kanis JA, Melton LJ
III. The potential impact of new National
Osteoporosis Foundation guidance on
treatment patterns. Osteoporos Int 2010;
21:41-52.
30. Neer RM, Arnaud CD, Zanchetta JR,
et al. Effect of parathyroid hormone (1-34)
on fractures and bone mineral density in
postmenopausal women with osteoporosis. N Engl J Med 2001;344:1434-41.
31. Cauley JA, Robbins J, Chen Z, et al.
Effects of estrogen plus progestin on risk
of fracture and bone mineral density: the
Women’s Health Initiative randomized
trial. JAMA 2003;290:1729-38.
32. Cranney A, Tugwell P, Zytaruk N, et al.

n engl j med 363;21

nejm.org

Meta-analyses of therapies for postmenopausal osteoporosis. IV. Meta-analysis of
raloxifene for the prevention and treatment of postmenopausal osteoporosis.
Endocr Rev 2002;23:524-8.
33. Cranney A, Tugwell P, Zytaruk N, et
al. Meta-analyses of therapies for postmenopausal osteoporosis. VI. Meta-analysis of calcitonin for the treatment of postmenopausal osteoporosis. Endocr Rev
2002;23:540-51.
34. Black DM, Schwartz AV, Ensrud KE, et
al. Effects of continuing or stopping alendronate after 5 years of treatment: the
Fracture Intervention Trial Long-term Extension (FLEX): a randomized trial. JAMA
2006;296:2927-38.
35. Adami S, Bhalla AK, Dorizzi R, et al.
The acute-phase response after bisphosphonate administration. Calcif Tissue Int
1987;41:326-31.
36. Ribeiro A, DeVault KR, Wolfe JT III,
Stark ME. Alendronate-associated esophagitis: endoscopic and pathologic features. Gastrointest Endosc 1998;47:525-8.
37. Watts NB, Diab DL. Long-term use of
bisphosphonates in osteoporosis. J Clin
Endocrinol Metab 2010;95:1555-65.
38. Lewiecki EM, Miller PD. Renal safety
of intravenous bisphosphonates in the
treatment of osteoporosis. Expert Opin
Drug Saf 2007;6:663-72.
39. Boonen S, Sellmeyer DE, Lippuner K,
et al. Renal safety of annual zoledronic
acid infusions in osteoporotic postmenopausal women. Kidney Int 2008;74:641-8.
40. Maalouf NM, Heller HJ, Odvina CV,
Kim PJ, Sakhaee K. Bisphosphonateinduced hypocalcemia: report of 3 cases
and review of the literature. Endocr Pract
2006;12:48-53.
41. Ruggiero SL, Mehrotra B, Rosenberg
TJ, Engroff SL. Osteonecrosis of the jaws
associated with the use of bisphosphonates: a review of 63 cases. J Oral Maxillofac Surg 2004;62:527-34.
42. Khosla S, Burr D, Cauley J, et al.
Bisphosphonate-associated osteonecrosis
of the jaw: report of a task force of the
American Society for Bone and Mineral
Research. J Bone Miner Res 2007;22:147991.
43. Bilezikian JP. osteonecrosis of the jaw
— do bisphosphonates pose a risk? N Engl
J Med 2006;355:2278-81.
44. Woo SB, Hellstein JW, Kalmar JR. Systemic review: bisphosphonates and osteonecrosis of the jaws. Ann Intern Med 2006;
144:753-61. [Erratum, Ann Intern Med
2006;145:235.]
45. Shane E. Evolving data about subtrochanteric fractures and bisphosphonates.
N Engl J Med 2010;362:1825-7.
46. Abrahamsen B, Eiken P, Eastell R.
Subtrochanteric and diaphyseal femur
fractures in patients treated with alendronate: a register-based national cohort
study. J Bone Miner Res 2009;24:1095102.

november 18, 2010

The New England Journal of Medicine
Downloaded from www.nejm.org at KAISER PERMANENTE on November 17, 2010. For personal use only. No other uses without permission.
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

clinical ther apeutics
47. Black DM, Kelly MP, Genant HK, et al.

Bisphosphonates and fractures of the subtrochanteric or diaphyseal femur. N Engl
J Med 2010;362:1761-71.
48. Odvina CV, Zerwekh JE, Rao DS,
Maalouf N, Gottschalk FA, Pak CYC. Severely suppressed bone turnover: a potential complication of alendronate therapy.
J Clin Endocrinol Metab 2005;90:1294-301.
49. Stepan JJ, Burr DB, Pavo I, et al. Low
bone mineral density is associated with
bone microdamage accumulation in postmenopausal women with osteoporosis.
Bone 2007;41:378-85.
50. Chapurlat RD, Arlot M, Burt-Pichat B,

et al. Microcrack frequency and bone remodeling in postmenopausal osteoporotic
women on long-term bisphosphonates: a
bone biopsy study. J Bone Miner Res 2007;
22:1502-9. [Erratum, J Bone Miner Res
2008;23:1153.]
51. Clinician’s guide to prevention and
treatment of osteoporosis. Washington,
DC: National Osteoporosis Foundation,
2008.
52. Hodgson SF, Watts NB, Bilezikian JP,
et al. American Association of Clinical
Endocrinologists medical guidelines for
clinical practice for the prevention and
treatment of postmenopausal osteoporo-

sis: 2001 edition, with selected updates for
2003. Endocr Pract 2003;9:544-64. [Erratum, Endocr Pract 2004;10:90.]
53. Qaseem A, Snow V, Shekelle P, Hopkins R Jr, Forciea MA, Owens DK. Pharmacologic treatment of low bone density
or osteoporosis to prevent fractures: a clinical practice guideline from the American
College of Physicians. Ann Intern Med
2008;149:404-15.
54. American College of Obstetricians
and Gynecologists Women’s Health Care
Physicians. Osteoporosis. Obstet Gynecol
2004;104:Suppl:66S-76S.
Copyright © 2010 Massachusetts Medical Society.

journal archive at nejm.org

Every issue of the Journal is now available at NEJM.org, beginning with the first
article published in January 1812. The entire archive is fully searchable, and browsing
of titles and tables of contents is easy and available to all. Individual subscribers are
entitled to free 24-hour access to 50 archive articles per year. Access to content in
the archive is available on a per-article basis and is also being provided through
many institutional subscriptions.

n engl j med 363;21

nejm.org

november 18, 2010

The New England Journal of Medicine
Downloaded from www.nejm.org at KAISER PERMANENTE on November 17, 2010. For personal use only. No other uses without permission.
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

2035

