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Foreword

Although osteoporosis has been defi ned as “a metabolic bone disease 
characterized by low bone mass and microarchitectural deterioration of 
bone tissue leading to enhanced bone fragility and a consequent increase 
in fracture risk,” it is not clear that osteoporosis represents a single disease 
as much as a similar response of bone to different pathophysiologies. In 
the 1940s Fuller Albright and colleagues recognized “osteoporosis of old 
age” and distinguished it from osteoporosis associated with the postmeno-
pausal state, as well as from osteoporosis from disuse, osteoporosis from 
malnutrition, and other forms of osteoporosis. He nevertheless pointed 
out that it was unclear how much of osteoporosis is due to old age per se, in 
view of the fact that “in many cases osteoporosis of disuse, of malnutrition, 
of the postmenopausal state and of senility are inseparably superimposed.” 
In this volume, Duque and Kiel have gathered an international panel of 
experts to highlight the unique features of senile osteoporosis and consid-
eration of this disease spans the very basic through the clinical and the 
epidemiologic.

As an organ which harbors stem cells, bone may clearly infl uence not only 
its own regeneration but also the regeneration of other tissues, notably the 
hematopoietic system. Nevertheless even restricting consideration of bone 
to its own reparative capacity it is clear that specifi c changes occur during 
the aging process which infl uence the extent and direction of stem cell plas-
ticity leading to increased cells of the adipose lineage relative to cells of the 
osteoblastic lineage. Using modern concepts of stem cell biology it should 
be possible in coming years to understand fully the regulation of this process 
and possible ways of reversing this.

Many animal models are available to study osteoporosis, however, perhaps 
among the most interesting, from a pathophysiologic perspective are rodent 
models of accelerated aging. Several are associated with single gene defects 
and may give considerable insight not only into the general process of aging 
but into the aging process in bone. Parallel studies on the genetic basis of 
osteoporosis in humans may be considerably more complex since multiple 
genes are likely to contribute, with each gene subject to unique gene-
environment interactions. Nevertheless advances in genetic and genomic 
technology make this an active area of investigation and one which could 
lead to new approaches to diagnosis, prevention, and therapy.



Aging individuals can also be exposed to a unique hormonal milieu which 
in particular may result from changes in sex steroids and changes in calcium-
regulating hormones, and much of this information has been gleaned from 
epidemiologic studies of large cohorts. In part sex steroid changes in elderly 
women do simulate the superimposition of postmenopausal osteoporosis on 
senile osteoporosis although even in elderly women (and certainly in men) 
the sex steroid hormonal milieu may evolve with age.

The realization that vitamin D as a steroidal hormone has actions beyond 
calcium homeostasis has increased our appreciation of the clinical signifi -
cance of vitamin D defi ciency which appears to be a more prevalent problem 
than previously thought. In part this high incidence of vitamin D defi ciency 
does simulate the superimposition of osteoporosis of malnutrition on senile 
osteoporosis, however restricted exposure to ultraviolet light clearly plays a 
role in the pathophysiology of vitamin D defi ciency. Vitamin D defi ciency 
appears to be a reversible condition contributing to the evolution of osteo-
porosis once it is recognized.

The unique features of senile osteporosis can also clearly be seen in the 
clinic. Thus, although vertebral (and other) fractures continue to exact a 
high toll in aging individuals, the high incidence of hip fractures, a source 
of considerable costs to the health care system and a source of signifi cant 
mortality, becomes a hallmark for osteoporosis of the aged. This relatively 
distinct clinical picture in the elderly is accompanied by distinct risk factors 
including muscle weakness, an increased risk of falls, and the high use of 
psychotropic agents.

Along with the unique clinical picture comes the unique challenges associ-
ated with therapy. Thus, specifi c considerations regarding non-medical 
therapy apply to the elderly as do specifi c considerations regarding pharma-
cologic and surgical therapy. All of these issues are expertly and comprehen-
sively addressed in this book and make a clear and compelling case for the 
existence of a unique and increasingly important form of osteoporosis which 
has been termed senile osteoporosis.

 D. Goltzman, MD
 Professor of Medicine

Past-President American Society for Bone and Mineral Research
 Director, Centre for Bone and Periodontal Research
 McGill University
 Montreal, Quebec
 Canada
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Preface

With the aging population increasing worldwide, there is a growing 
interest in age-related diseases and their functional and mental conse-
quences. Osteoporosis is a common disease in older persons with signifi cant 
impact on their functionality and quality of life. Additionally, osteoporotic 
fractures represent an important burden to health care budgets around the 
world.

Since the fi rst description by Riggs and colleagues of a particular syn-
drome known as “senile osteoporosis,” there has been a common agreement 
that there is a type of osteoporosis closely associated with the aging process. 
There is considerable controversy regarding the concept of “senile osteopo-
rosis.” Several experts in the fi eld think that it is just “osteoporosis,” a condi-
tion and disease that mostly affects post-menopausal women but also affects 
men after the age of 60. Unfortunately, because most of the resources and 
interventions have focused on post-menopausal women, a signifi cant num     -
ber of old men and women are not receiving appropriate treatment.

Fortunately, the concept of senile osteoporosis has been reconsidered as 
a real syndrome that affects a signifi cant percentage of the elderly popula-
tion. In fact, new fi ndings on the pathophysiology, epidemiology, and treat-
ment of senile osteoporosis have demonstrated that this entity is independent 
of the estrogen-related osteoporosis known as post-menopausal. This book 
focuses on these new fi ndings in a bench to population model.

From the bench side, the fact that with aging there is a shift in the differ-
entiation of mesenchymal stem cells within the bone marrow, from pre-
dominant osteoblastogenesis in the young bone to increasing adipogenesis 
in the old bone, has improved the understanding of the pathophysiology of 
senile osteoporosis. This process is independent of estrogen levels, as dem-
onstrated by lack of increasing bone marrow adipogenesis in estrogen recep-
tor knock-out mice. In fact, the increasing levels of bone marrow adipogenesis 
starts in humans even when normal serum levels of estrogens are present in 
the third and fourth decade of life, suggesting that this is an age-related 
process independent of sex hormones.

One additional feature in the pathophysiology of senile osteoporosis is the 
fact that it affects men and women after the sixth decade of life in a similar 
manner. Although estrogens seem to play a role in the pathophysiology of 
osteoporosis in men, it is well known that the predominant changes in bone 



cells in osteoporosis in men correspond mostly to those seen in age-related 
bone loss than in peri-menopausal women.

In this book, the chapters dedicated to bone biology illustrate the particu-
lar cellular and molecular features of senile osteoporosis from mice to 
human. Additionally, the authors look at the potential role that hormones, 
both calciotropic and sexual, may play in the pathophysiology of this 
syndrome.

Concerning the predominant fractures seen in older adults, the chapters 
on epidemiology make a complete appraisal of the particular incidence of 
osteoporotic fractures in the elderly. In fact, hip fractures are the predomi-
nant fracture after the seventh decade of life. This type of fracture correlates 
with the pathophysiology of osteoporosis, because the hip neck area is mostly 
dependant on osteoblast activity, which is severely affected by the aging 
process in bone. By contrast, the incidence of fractures owing to increasing 
osteoclastic activity, a typical feature of post-menopausal osteoporosis, 
decreases in the older population. These differences in the incidence and 
type of osteoporosis fractures in the elderly could correlate with genetic 
determinants of osteoporosis in older adults. The chapter on genetics of 
osteoporosis focuses on the identifi cation of the genes that are directly asso-
ciated with osteoporosis in older adults.

Concerning the treatment of osteoporosis, although there is increasing 
awareness about the importance of preventing fractures in older adults, the 
evidence shows that the number of patients at risk who are not receiving 
treatment is increasing. It is probably owing to a combination of factors that 
include ageism, lack of evidence of the effectiveness of the treatment in old 
patients, and treatments mostly directed to the regulation of osteoclastic 
activity that, although effective in geriatric populations, have not been shown 
to be effective in non-vertebral fractures, the most prevalent in the older 
population. One of the important messages throughout this book is that 
clinicians should be aware of the importance of treating of osteoporosis in 
older adults in order to prevent fractures, disability, and even death.

The chapter on pharmacological treatment of osteoporosis highlights very 
important points. First, osteoporosis, once diagnosed or suspected, should 
be treated independently of the patient’s age. Second, there is poor evidence 
on most of the treatments available specifi cally in the older population, and 
furthermore in some cases treatment effectiveness in older persons is doubt-
ful because most of the therapeutic agents regulate bone resorption without 
increasing bone formation. Third, the optimal therapeutic agent for osteo-
porosis in older individuals would be the one that decreases bone resorption 
while increasing bone formation. In their conclusion the authors state that 
the optimal therapeutic agent for senile osteoporosis does not exist yet, and 
that more research should be pursued in order to fi nd the right approach to 
the particular features of senile osteoporosis.

A particularly unique aspect of this book is the inclusion of two chapters 
on falls. This important geriatric syndrome has been historically separated 
from the osteoporosis syndrome because of the fact that very few osteopo-
rosis clinics considered the importance of fall prevention as a pivotal inter-
vention to prevent fractures. As explained by the authors of the chapters, 
there could not be an effective preventive or therapeutic intervention for 
fractures in the elderly without an assessment of the risk of falls and the 
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initiation of preventive measures. There are important links between the risk 
of falls and that of fractures. Probably the most relevant at this time is 
vitamin D, which has been proven essential for the prevention of both falls 
and fractures. Indeed, vitamin D is mentioned extensively in some of the 
chapters of this book as an essential intervention in the elderly population 
at risk. The evidence supporting this notion is reviewed in the chapters on 
calciotropic hormones as well as the one on the treatment of falls. Further-
more, because falls result from the interaction between multiple factors, 
non-pharmacological interventions are also considered in this book, where 
one chapter is dedicated to a review of the evidence on the effectiveness of 
non-pharmacological interventions for fall prevention.

Finally, we wanted to include a chapter on the surgical interventions for 
osteoporotic fractures. We know that this is an important element when 
caring for patients with fractures. Its understanding would help the clinician 
to interact with their surgical colleagues when treating old patients with 
acute fractures. Using outstanding illustrations, the author explains in detail 
the characteristics of fracture stabilization in the hip and the particular chal-
lenges the surgeon faces when treating fractures in very old patients. Addi-
tionally, a review on the potential alternatives for surgical treatment of 
vertebral fractures was included.

In summary, this textbook has brought together experts in the fi eld of 
osteoporosis in older persons from four continents. We feel that we have 
reviewed the evidence supporting the notion that senile osteoporosis exists 
as a real geriatric syndrome with a particular pathophysiology and treat-
ment. We expect that the information included in this book will be useful to 
all health professionals involved in the care of our aging population in order 
to understand the particular features of this syndrome and the importance 
of its prevention. This was our intention and we hope that after reading its 
chapters the reader will join us in this purpose.

 Gustavo Duque, MD, PhD

 Douglas P. Kiel, MD, MPH
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1
Biology of Bone
Paul C. Schiller, Gianluca D’Ippolito, and Guy A. Howard

Overview

Bone is an exquisitely sophisticated organ/tissue 
in mammals. Bone is generally viewed as the main 
component of the skeleton, providing mechanical 
and structural support to the rest of the organs 
and systems. This function is indispensable for 
life, both during the growth and development 
period as well as during adult life. However, bone 
also provides the unique architecture and micro-
environment that preserves the niches that main-
tain immature stem cells. This inadequately 
recognized function is also essential, because 
these stem cells are required for tissue repair and 
regeneration during adult life. In this respect, 
besides providing mechanical support, bone holds 
and supports the main reservoir of cells needed to 
sustain tissue integrity and function throughout 
our lives. Thus, understanding how bone is made 
and maintained during life is central to develop-
ing adequate strategies to preserve a healthy skel-
eton as we age; so that proper mechanical support, 
structural integrity, and tissue repair capacity is 
maintained.

In this chapter we will present a general over-
view of the process of bone formation during 
development, describe bone repair during adult 
life, review the differentiation program of bone 
cells, discuss the dynamic process of bone turn-
over, summarize the mechanisms by which 
hormones and growth factors regulate bone cell 
differentiation and function, and briefl y describe 
the roles of bone cells and the skeleton in stem cell 
biology and the effect of aging on them.

Growth and Development of Bones

The cellular events underlying the processes of 
bone maintenance, remodeling, and repair during 
adult life have their basis in the embryonic devel-
opment of bone. The vertebrate skeleton, com-
posed of cartilage and bone, is derived from cells 
of three distinct embryonic lineages. The cranio-
facial skeleton is formed by cranial neural crest 
cells, the axial skeleton is the product of paraxial 
mesoderm (somites), and the limb skeleton is 
derived from lateral plate mesodermal cells (1). 
During vertebrate embryogenesis, neural crest-
derived mesenchymal cells directly differentiate 
into osteoblasts, which will form the bones of the 
skull, maxilla, and mandible, and the subperios-
teal bone-forming layers of long bones. The bones 
of the skull are created as these regions of ossifi ca-
tion merge. A single bone can therefore be made 
up of many smaller bones that fuse together 
during ossifi cation. This process is called intra-
membranous ossifi cation. In contrast, bones of 
the vertebral column, pelvis, and upper and lower 
limbs are formed on an initial hyaline cartilage 
model, generally called anlagen. Initially there is 
an aggregation and differentiation of mesenchy-
mal cells, followed by the proliferation, hypertro-
phy, and death of chondrocytes. Bone formation 
initiates in the collar surrounding the hypertro-
phic cartilage core, which is eventually invaded by 
blood vessels and replaced by bone tissue and 
bone marrow. This process, called endo (within)—
chondral (cartilage) ossifi cation, is characterized 
by a defi ned series of events.
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Early during limb development, a layer of four 
to six cells, which surrounds a prechondrogenic 
core of undifferentiated cells, appears to give rise 
to the lineage of osteogenic cells responsible for 
the formation of all structural bone (2). This bone 
is fabricated outside of the cartilage core, and it 
appears that the core is not replaced by bone, but 
rather, is replaced by marrow and vascular ele-
ments. Bone formation is a vascular-driven phe-
nomenon that is characterized by the directional 
nature of osteoid secretion. Analysis of the cellu-
lar and molecular events of embryonic osteogen-
esis suggests that osteogenesis and chondrogenesis 
are independent events that are programmed 
early in development. Many of the molecules 
involved in regulating this process during devel-
opment continue to play central roles during 
adult life.

The transcription factor Sox9 is one of the 
master regulators of chondrogenesis (3,4). Sox9 
transcripts are detected in all prechondrogenic 
mesenchymal condensations as early as 8.5 to 9.5 
days of mouse embryonic development, and the 
expression peaks in cartilage primordia at 11.5 
to 14.5 days. This transcription factor is central 
for the regulated expression of the genes that 
defi nes the chondrocytic phenotype and for the 
expression of cartilage-specifi c matrix proteins 
such as collagen II, IX, and XI and the large pro-
teoglycan aggrecan (5). Soon after their forma-
tion, chondrocytes in the central region of the 
cartilage undergo further maturation to hyper-
trophic chondrocytes, which exit the cell cycle 
and synthesize an extracellular matrix that is dif-
ferent in composition from that of proliferating 
chondrocytes. Collagen X, a marker for hyper-
trophic chondrocytes, is a distinctive component 
of this matrix (6). Angiogenic factors (e.g., vas-
cular endothelial growth factor [VEGF]) secreted 
by hypertrophic chondrocytes induce sprouting 
angiogenesis from the perichondrium (7). Fol-
lowing the vessels, bone-forming osteoblasts, 
bone-resorbing osteoclasts, and hematopoietic 
cells arrive, and form the primary ossifi cation 
centers.

Within the primary ossifi cation centers, hyper-
trophic chondrocytes undergo apoptosis, the 
hypertrophic cartilage matrix is degraded, 
incoming osteoblasts replace the degraded carti-
lage with trabecular bone, and bone marrow is 

formed. Simultaneously, osteoblasts in the 
perichondrium form a collar of compact bone 
surrounding the middle portion (diaphysis) of 
the cartilage. At both ends (epiphyses) of the 
cartilage, secondary ossifi cation centers are 
created, leaving a plate of cartilage (growth plate) 
between epiphysis and diaphysis. In the growth 
plate, a coordinated sequence of chondrocyte 
proliferation, hypertrophy, and apoptosis results 
in longitudinal growth of long bones. In a 
coordinated fashion, the growth of the epiphysis 
and radial growth of the diaphysis take place 
concurrently.

In adults, bone repair takes place in a fashion 
similar to endochondral ossifi cation. The natural 
healing process involves infi ltration of fi broblasts, 
an infl ammatory response, cartilage formation, 
vascularization, osteoblast formation, infi ltration 
by osteoblasts and osteoclasts, and matrix remod-
eling. A more detailed description of the mecha-
nisms that regulate bone cell differentiation and 
function will be discussed in the following section 
and in subsequent chapters.

Bone Cell Differentiation

Bone is a dynamic connective tissue composed of 
an elegant assembly of functionally distinct cell 
populations. Their roles are to maintain the 
structural, biochemical, and mechanical integrity 
of bone as well as its central role in ion homeo-
stasis, as a calcium basin, and as a stem cell 
reservoir. Bone is continuously modifi ed and 
reshaped throughout our lifetime by the work of 
osteoblasts (bone-forming cells) and osteoclasts 
(bone cells that break down previously formed 
bone). A fraction of the active osteoblasts become 
incorporated within the newly laid down matrix 
and develop into specialized osteocytes within 
defi ned spaces termed lacunae. Osteocytes form 
a complex and organized network of intercon-
nected cells throughout the mineralized bone 
matrix that supports bone structure and mainte-
nance. Quiescent osteoblasts become fl at and 
form a single layer of cells, which protects the 
surface of bone and are called lining cells. Osteo-
blasts and osteoclasts originate from distinct cell 
lineages, stromal and hematopoietic (monocyte/
macrophage), respectively. And the molecular 
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processes that lead their differentiation programs 
and functional development are beginning to be 
understood.

Osteoprogenitors, Osteoblasts, 
and Osteocytes

Marrow stromal cells (MSCs) can give rise to a 
variety of cell types (osteoblasts, chondroblasts, 
myoblasts, adipocytes, fi broblasts, etc.). Under 
appropriate stimulation, MSCs engage in a dif-
ferentiation program leading to the production 
of osteoprogenitors, which in turn give rise to 
osteoblasts (Figure 1.1). Upon functional matu-
ration, these are the cells responsible for bone 
matrix deposition in both intramembranous and 
en  dochondral bone formation. Osteoblastic diff-
erentiation involves an exquisite interplay of 
developmental cues, signaling proteins, tran-
scription factors, and their co-regulatory pro-
teins that support differentiation (Figure 1.1). 
This refi ned differentiation program is refl ected 
by the fact that within the osteoblastic lineage, 
subpopulations of cells can respond selectively 
to physiologic signals. Experimental evidence 
indicates that osteoblasts from appendicular and 
axial bone exhibit distinct responses to hor-
monal, mechanical, or developmental cues. It 

remains to be determined whether these differ-
ences refl ect the inherent properties of the 
selected cells at different stages of osteoblastic 
differentiation or the local, cellular, and tissue 
environments.

Although it has been generally thought that 
committed precursors are directionally engaged 
in a specifi c differentiation program, accumulat-
ing data indicates a certain degree of plasticity. 
Phenotypically committed cells may de-differen-
tiate during proliferation and post-mitotically 
assume a different phenotype, primarily owing 
to effects of the local cellular environment (8,9). 
The local environment may activate specifi c 
mechanisms, such as those involving modula-
tion of gap-junctional intercellular communi-
cation (10), that may contribute to phenotypic 
determination.

The main function of the osteoblast is to 
synthesize bone matrix. A functionally mature 
osteoblast is characterized by unique morpho-
logical and ultrastructural characteristics typical 
of a cell engaged in the synthesis and secretion 
of a connective tissue matrix. These cells show 
a large nucleus, enlarged Golgi, and extensive 
endoplasmic reticulum. They express high levels 
of alkaline phosphatase (ALP) and secrete an 
unmineralized osteoid composed primarily of 
type I collagen and specifi c bone matrix proteins. 
A single layer of inactive fl attened osteoblasts, or 

FIGURE 1.1. The osteoblastic differentiation pathway. The com-
mitment of primitive stem cell to several lineages showing their 
differentiation potential, with an emphasis on the osteoblastic 
pathway is diagrammed. Some key transcription factors involved 

in establishing each phenotype are described (green), and the 
determinants of the osteoblastic phenotype Runx2 and Osx are 
boxed. Markers characteristic of each phenotypic stage are indi-
cated (red).
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bone lining cells, are observed on quiescent bone 
surfaces. These cells underlie the periosteum 
directly on the mineralized surface or form the 
endosteum separating bone from the marrow 
cavity.

The osteocyte is the terminal differentiation 
stage of cells in the osteoblastic lineage. It senses 
and mediates responses to support bone struc-
ture, biomechanical properties, and metabolic 
functions. Unique features distinguish these 
cells: they are strategically distributed through-
out the mineralized bone matrix, each osteocyte 
resides within a lacuna, and osteocytes intercon-
nect among themselves and with osteoblasts 
located on the bone surface via countless cellular 
extensions of fi lopodia processes that run 
through canaliculai. This extensive network of 
cytoplasmic interconnections contributes to 
ensure osteocyte viability and maintenance of 
functional properties. This network of cells is 
coupled molecularly and electrically mainly by 
intercellular communication mediated by gap 
junctions (11–14) comprised primarily of the 
gap-junction channel protein connexin 43 
(15–19). Connexin43-mediated gap-junctional 
communication is essential for osteoblast and 
osteocyte phenotypic maturation, activity, and 
survival (18,20–22). Moreover, its inhibition may 
affect phenotypic determination of bone cells 
promoting the development of an adipocytic 
phenotype (10).

The primary function of this osteoblast-lining 
cell-osteocyte functional syncytium is consid-
ered to be mechanosensory (i.e., to sense and 
transduce stress signals [stretching, bending] to 
biological activity). Osteocytes can be long-
lived; in human bone that has not been turned 
over, they can survive for decades. However, 
empty lacunae are observed in aged bone, 
indicating that osteocytes can undergo apop-
tosis, a scenario potentially deleterious to 
bone structure and integrity (23). Interestingly, 
es  trogens, bisphosphonates, and physiologic 
mechanical loading, all anti-osteoporotic 
regimens, inhibit osteoblast and osteocyte 
apoptosis (24–26).

The developmental expression pattern of tran-
scription factors during osteoblastic maturation 
refl ects their central roles as determinants of 

osteoblastic differentiation. Two transcription 
factors, Runx2 (Cbfa1/AML3) and Osterix (Osx; 
SP7), are absolutely required for osteoblast dif-
ferentiation during both intramembranous and 
endochondral bone formation. Runx2 performs 
as a master regulator, because it mediates the 
temporal activation and/or repression of pheno-
typic genes as osteoblasts progress through 
stages of differentiation and cell growth (27–29). 
Runx2 is a member of a small transcription 
factor family that shares DNA-binding domains 
of homology with Drosophila runt. In homozy-
gous Runx2-defi cient mice, bone tissue is not 
formed. Haploinsuffi ciency of Runx2 causes clei-
docranial dysplasia (CCD) in both mice and 
humans (30). This autosomal dominant disorder 
is characterized by a delay in closure of cranial 
sutures and fontanelles, hypoplastic or aplastic 
clavicles, dental anomalies that include delayed 
eruption of deciduous and permanent teeth, and 
supernumerary teeth of the permanent dentition 
(30). In addition to the role of Runx2 in osteo-
blast differentiation, Runx2 activity is also 
required for bone matrix deposition by mature 
osteoblasts (31), and some individuals with 
severe CCD have osteoporosis. Runx2 is targeted 
to the promoters and regulates the expression of 
several genes encoding bone-specifi c proteins, 
including osteocalcin (OC; an osteoblast-specifi c 
marker), bone sialoprotein, ALP, and type I col-
lagen (27). Interestingly, both overexpression of 
Runx2 and expression of a dominant-negative 
form of Runx2 in osteoblasts impair bone forma-
tion, suggesting that regulation of different 
stages of osteoblast differentiation by Runx2 is 
complex. Runx2 activity is modulated by phos-
phorylation, and Runx2 interacts with other 
transcription factors, such as signal transducer 
and activator of transcription-1 (STAT-1) (32), 
Smads 1, 3, and 5 (33–35), Hey1 (36), Menin (37), 
p300 (38), Grg5 (39), and Twist (40).

Analysis of Osx-null mice shows that Osx is 
genetically downstream of Runx2. Little is known 
about how Osx regulates osteoblast differentia-
tion and function. Expression of genes character-
istic of mature osteoblasts is absent in cells 
surrounding chondrocytes in Osx-null mice, and 
instead these cells express genes characteristic of 
chondrocytes. Thus, Osx may be playing a role in 
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directing precursor cells toward the osteoblast 
lineage and away from the chondrocyte lineage 
(41,42).

The endochondral portion of the developing 
clavicle is particularly sensitive to a reduction in 
the level of Runx2, both in mice and humans (43). 
In addition, no hypertrophy develops in carti-
lages of the axial skeleton and the proximal limbs 
in Runx2-null mice. In contrast, in the distal 
limbs, cartilage hypertrophy is reduced but does 
occur, and hypertrophy in hands and feet is 
initiated but is not maintained (44,45). Because 
a low level of Runx2 expression can be detected 
in hypertrophic chondrocytes in wild-type 
growth plates, this has led to the hypothesis that 
Runx2, in addition to inducing osteoblast differ-
entiation, is required or represents a limiting 
factor for chondrocyte hypertrophy. Further-
more, it may be required for VEGF expression 
and angioge nesis during en  dochondral ossifi ca-
tion. Finally, Runx2 may control the expression 
of collagenase 3 (MMP-13) in hypertrophic 
chondrocytes (46,47).

It has recently been determined that the Runx1 
hematopoietic factor and the Runx3 gene (involved 
in neural and gut development) are also expressed 
in the skeleton, although their roles in bone for-
mation are not known. Alterations in functions of 
various other non-bone-specifi c transcription 
factors have been also demonstrated to affect 
osteoblastic differentiation and function. These 
include activator protein-1 and its related mole-
cules, Dlx5, Msx1, Msx2, Twist, Atf4, and nuclear 
steroid hormone receptors such as androgen 
receptors and estrogen receptors. As regulatory 
factors continue to be identifi ed, the complexity 
of the molecular mechanisms that control gene 
expression in osteoblast lineage cells and drive the 
osteoblast maturation process are being further 
appreciated.

Regulators of Osteoblastic Cell 
Differentiation and Function

The osteoblastic differentiation program is 
subjected to a complex and intricate regulation 
by a number of growth factors, hormones, and 

cytokines, which mediate cues ranging from 
developmental signals to tissue homeostasis. As 
in other tissues, many signals simultaneously 
initiated by two or more of these factors have to 
be integrated for a unifi ed phenotypic response. 
A detailed analysis of the mechanisms mediating 
all the osteogenic responses initiated by the 
action of extracellular regulators of osteoblast 
differentiation and bone development is beyond 
the scope of this section. We will present a 
brief overview of the main factors known to 
regulate osteoblastic cell differentiation and 
function.

Wnt Signaling Molecules

Engagement of MSCs toward osteoblastic differ-
entiation, bone formation, and skeletal develop-
ment appears to be initiated by activation of the 
Wnt/β-catenin signaling pathway (48,49). β-
Catenin is the downstream mediator of canonical 
Wnt signaling that forms transcription-regulating 
complexes with T-cell factor (TCF)/lymphoid 
enhancer factor (LEF) transcription factors. Key 
roles for this signaling pathway have been estab-
lished in embryonic skeletal patterning, fetal skel-
etal development, and adult skeletal remodeling 
(50–55). Recent work in which β-catenin was 
conditionally knocked out from cells at various 
stages of the osteoblast lineage suggests that β-
catenin plays multiple critical roles in osteoblast 
differentiation (56).

Parathyroid Hormone

Intermittent parathyroid hormone (PTH) therapy 
in animals and humans induces anabolic effects 
on bone formation. PTH mediates its effects in 
cells of the osteoblastic lineage via the type 1 PTH 
receptor (PTH1R), which is also activated by 
PTH-related peptide (PTHrP). Depending on the 
cellular context, binding to PTH1R causes the 
activation of at least the adenylate cyclase/protein 
kinase A (AC/PKA), protein kinase C (PKC), and 
mitogen-activated protein kinase (MAPK) sig-
naling pathways (57). Continuous administra-
tion of PTH produces bone loss caused by 
osteoclast activation as observed in hyperpara-
thyroidism. Different signalling pathways are 
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activated in osteoblast precursors by intermit-
tent or chronic stimulation, respectively, which 
leads to important differences in downstream 
gene regulation patterns. Intermittent PTH and 
PTHrP treatment of MSC and preosteoblastic cell 
lines regulates their osteogenic differentiation 
capacity by modulating the expression of the 
transcription factors Runx2 and osterix and 
down-regulating components of the hedgehog 
signalling cascade (58–60). The stimulatory effect 
on osteoblastic differentiation may depend on 
the cell differentiation stage, exposure time, and 
PTH dosage (16,61).

PTH and PTHrP appear to also be involved in 
mechanotransduction by modulating intracellu-
lar Ca2+ via mechanosensitive channels (62). 
Mechanical loading and PTH have synergistic 
effects on OC expression in vitro and on bone 
formation in vivo (63). Moreover, mechanical 
stress induces PTHrP expression in osteoblast-
like cells, which could be a potential mediator 
of the anabolic effects of mechanical force on 
bone (64).

Vitamin D3

Vitamin D3 promotes osteogenic differentiation 
of MSCs by inhibiting proliferation and up-
regulating osteogenic markers such as ALP and 
OC (65,66). Surprisingly, vitamin D3 is not all 
together indispensable for normal bone devel-
opment in embryogenesis as the skeleton of 
vitamin D receptor (VDR) mutant mice developed 
normally; however, they showed growth retar-
dation, rickets, secondary hyperparathyroidism, 
and alopecia (67). Vitamin D3-bound VDR inter-
acts with Runx2 to up-regulate OC expression 
(68). Overall, vitamin D3 stimulates the expres-
sion of many genes in bone cells like OC, ALP, 
osteopontin, CYR61, and thioredoxin reductase, 
and modifi es osteogenic differentiation. But many 
of the programs induced may also be backed up 
by other systems.

Estrogen

Estrogens have a major impact both on bone 
formation during growth and development and 
bone metabolism in adults. Bone marrow stromal 
cells express estrogen receptor beta (ERβ) and 

two splice variants of ERα, suggesting they are 
targets of estrogen action. Furthermore, estrogens 
up-regulate ER expression in MSCs, and when 
overexpressed in the marrow stromal cells, ER 
induced osteogenic differentiation in response to 
estradiol.

The estrogenic compound genistein stimulates 
the proliferation and osteoblastic differentiation 
of bone marrow MSCs by activation of the 
NO/cGMP pathway (69). The differentiation-
inducing effects in MSCs might be mediated by 
downstream induction of BMP2 and BMP6 
expression. Estrogens can up-regulate the expres-
sion of osteogenic marker genes like Runx2, ALP, 
collagen 1 (Col1), and transforming growth factor 
(TGF)β1 in MSCs. Estrogens inhibit osteoclast 
development and function via up-regulation of 
osteoprotegerin (OPG) expression in osteoblasts 
and inhibition of cytokine expression (70). Estro-
gen defi ciency leads to osteoporosis in women 
and men (71). Although the infl uence of estro-
gens on osteoblast function might be important, 
the foremost function of estrogens in the mainte-
nance of bone is still considered to be an anti-
resorptive one.

Mechanical strain and estrogens activate ERα 
in bone cells (72,73). ERα itself appears to be the 
mediator of such effects, as ERα knock out (KO) 
results in an impaired anabolic response to 
mechanical strain in vivo and in vitro.

Bone Morphogenetic Proteins (BMPs)

BMPs are members of the TGFβ superfamily of 
signal molecules, which mediate many diverse 
biological processes ranging from early embry-
onic tissue patterning to postnatal tissue homeo-
stasis. Activation of BMP/TGFβ receptors initiates 
phosphorylation of the downstream effector pro-
teins, known as receptor-regulated Smads, leading 
to signal transduction (74). Although the same 
Smads are used by BMPs in all types of cells, asso-
ciation with different transcription factors account 
in part for the functional diversity of BMPs. These 
transcription factors are recruited by Smads to 
regulate the expression of specifi c subsets of target 
genes depending on the cell context. Runx2 is 
expressed in response to BMP/TGFβ, and acts as 
an inte grator of BMP/TGFβ Smad signaling 
through the formation of Runx2–Smad complexes 
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(75,76). Although both BMP and TGFβ direct 
Runx2–Smad interactions, only the BMP-
responsive Smads promote osteoblast differentia-
tion together with Runx2. BMPs promote bone 
formation by stimulating the proliferation and 
differentiation of osteoblasts. It has been sug-
gested that non-union of the bone, and delayed 
healing, may be the result of decreased levels of 
BMP activity. The BMP signalling cascade is 
closely regulated, with the inhibitory Smads 
blocking the intracellular signal cascade. Predom-
inantly BMP-2 and BMP-7 have been shown to 
have potent stimulatory effects on osteoblasto-
genesis and, furthermore, proven clinical utility 
for bone regeneration (77–79).

Growth Hormone(GH)/Insulin-Like Growth 
Factor (IGF)

GH is a peptide hormone secreted from the pitu-
itary gland under the control of the hypothala-
mus. A large number, but not all, of its effects are 
mediated through IGF-I. Both GH and IGF-I play 
signifi cant roles in the regulation of growth and 
bone metabolism and control bone mass. GH 
directly and through IGF-I stimulates osteoblast 
proliferation and activity, promoting bone forma-
tion. It also stimulates osteoclast differentiation 
and activity, promoting bone resorption. This 
results in an increase in the overall rate of bone 
remodeling, with a net effect of bone buildup. The 
absence of GH results in a reduced rate of bone 
remodeling and a gradual loss of bone mineral 
density. Bone growth primarily occurs at the 
epiphyseal growth plates and is the result of the 
proliferation and differentiation of chondrocytes. 
GH has direct effects on these chondrocytes, but 
primarily regulates this function through IGF-I, 
which stimulates the proliferation of and matrix 
production by these cells. GH-defi ciency severely 
limits bone growth and hence the accumulation 
of bone mass. It is also known that GH effects on 
target tissue involve multiple components of the 
IGF system including the ligands, receptors, IGF 
binding proteins (IGFBP), IGFBP proteases and 
activators, and inhibitors of IGFBP proteases. 
Basic and clinical studies indicate there is a sig-
nifi cant role for IGF-I in determining bone mineral 
density (BMD). Genomic studies resulting in IGF-
I–defi cient mice, and mice with targeted over-

expression of IGF-I reinforce the essential role of 
IGF-I in bone development at both the embryonic 
and postnatal stages. Defi ciency in the GH/IGF 
system that occurs with age has been proposed to 
play a major role in age-related osteoporosis. A 
thorough molecular dissection of the IGF regula-
tory system and its signaling pathway in bone may 
reveal novel therapeutic targets for the treatment 
of osteoporosis.

Leptin/b Adrenergic Receptors

Leptin was initially characterized as an adipocyte-
secreted hormone that controls body weight 
(80,81). KO animals for the leptin gene (ob/ob 
mouse) and the leptin receptor (db/db mouse), in 
addition to their body-mass phenotype, develop a 
high bone mass with an increase in trabecular 
bone volume (83,84). This results from an increase 
in osteoblast function, not number, indicating 
that leptin in this context has no infl uence on 
osteoblast proliferation. There is strong evidence 
that leptin acts centrally via hypothalamic recep-
tors to regulate bone mass. This is exerted via a 
neuroendocrine axis and the sympathetic nervous 
system by activating β2 adrenergic receptors on 
osteoblastic cells.

Leptin acts directly on human MSC by enhanc-
ing osteogenic differentiation and inhibiting the 
adipogenic pathway (85). However, all together 
confl icting results are published with respect to 
the local effects of leptin on bone growth and 
regeneration. Thus it is still under debate if direct 
effects via leptin receptors on osteoblasts exert 
relevant effects.

Glucocorticoids

Glucocorticoid effects in bone metabolism are 
complex and vary signifi cantly depending on the 
duration, concentration, and the time window of 
exposure (86). Glucocorticoid receptor (GR) sig-
nalling is required during the earlier phase 
of osteoblastic differentiation but is dispensable 
in later phases. Physiologically, glucocorticoids 
in vivo are required for bone formation and 
stimulate osteogenic differentiation. Prolonged 
treatment at pharmacological doses induces 
osteoporosis in vivo and leads to an impairment 
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of osteogenic differentiation in vitro, which is 
mediated via enhanced expression of dickkopf-1 
(Dkk-1) and secreted-frizzled related protein 1, 
inhibitors of the canonical Wnt signalling pathway. 
This may favor alternative pathways of differen-
tiation like adipogenesis (87,88).

Thyroid Hormone

Thyroid hormone (T3) is essential for the normal 
development of endochondral and intramembra-
nous bone and plays an important role in the 
linear growth and maintenance of bone mass (89). 
Thyroid hormone receptors (TR) are expressed in 
osteoblasts, chondrocytes of the growth plate, and 
MSC (90,91). In MSCs three isoforms, TRα1, TRβ1, 
and TRβ2, are functionally expressed (92). The 
effects of T3 in osteoblastic cell lines and primary 
cultures are dependent upon species, cell type, 
anatomical origin, state of differentiation, confl u-
ence, and duration of treatment, but T3 has been 
implicated in the increased synthesis of OC, type 
I collagen and ALP, and induction of MMP13, 
gelatinase B (MMP9), and the tissue inhibitor of 
MMP (TIMP) (93,94). Mice expressing a non-
functional TRα1 show delayed endochondral ossi-
fi cation and intramembranous bone formation 
during embryogenesis, and reduced postnatal 
linear growth. The results from KO and transgenic 
mice match those seen in hypo- and hyperthyroid 
animals, respectively, although overall the changes 
in growth plate and bone morphology are very 
complex and not yet completely unraveled.

Our increasing understanding of the down-
stream targets of osteogenic developmental sig-
naling pathways, the molecular switches directing 
phenotypic commitment, and the network of 
transcription factors that regulate osteoblast dif-
ferentiation are beginning to shed light on the 
complexity of control mechanisms for bone for-
mation. The integration of the many osteogenic 
signaling pathways converges primarily through 
the Runx2 transcription factor, which identifi es 
molecular mechanisms for coordinating activities 
from diverse developmental and physiological 
signals. Simultaneously, all this information is 
providing novel opportunities for therapeutic 
approaches for the intervention of metabolic and 
genetic disorders of the skeleton.

FIGURE 1.2. The osteoclastic differentiation pathway. The 
commitment of marrow precursors to the osteoclastic pathway 
is diagrammed. Some key transcription factors involved in 
establishing each phenotype are described (black), and the factors 
that induce osteoclastic determination, MCSF, and RANKL are 
included.

Monocyte/Macrophages and 
Osteoclastogenesis

The activity of osteoclasts, to degrade bone and 
cartilage, is required for skeletal modeling and 
remodeling. The osteoclast is a specialized multi-
nucleated cell derived from cells in monocyte-
macrophage lineage (Figure 1.2). The earliest 
identifi able precursor is the granulocyte-
macrophage colony-forming unit (CFU-GM), 
which gives rise to granulocytes, monocytes, and 
osteoclasts. CFU-GM-derived cells differentiate 
to committed osteoclast precursors, which are 
post-mitotic cells that must fuse to form func-
tional multi-nucleated osteoclasts. Osteoclasts 
are the principal, if not exclusive, bone-resorb-
ing cells, and their activity has a profound impact 
on skeletal health. So, disorders of skeletal insuf-
fi ciency, such as osteoporosis, typically repre-
sent increased osteoclastic bone resorption 
relative to bone formation. Prevention of patho-
logical bone loss therefore depends on an under-
standing of the mechanisms by which osteoclasts 
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differ entiate from their precursors and degrade 
the skeleton.

Osteoclast development follows vascular inva-
sion of cartilage during embryogenesis and 
requires VEGF (95). From this time forward, 
osteoclastogenesis and skeletal resorption contin-
ues through life. Osteoclast precursors in humans 
are characterized by the expression of CD14 and 
CD11b on their surface. In addition to several 
transcription factors required for B cell lineage 
development, two transcriptional factors are 
important in the regulation of osteoclastogenesis: 
PU.1 and microphthalmia transcription factor 
(MITF). The myeloid and B cell transcription 
factor PU.1 is the earliest characterized determi-
nant of the macrophage/osteoclast lineage. Mice 
null for PU.1, in addition to having no B cells, lack 
osteoclasts and macrophages (96). High levels of 
PU.1 are required for macrophage and osteoclast 
differentiation (97). Downstream of PU.1, and 
interacting with it for osteoclast differentiation, is 
the MITF (98).

Development of osteoclasts requires the con-
certed actions of a range of cytokines, steroids, 
and lipids, which act directly on precursors them-
selves and indirectly by targeting a combination 
of mesenchymal supportive cells and those in the 
lymphoid lineage. The capacity of mature osteo-
clasts to resorb bone is cytokine-driven and 
depends on their ability to recognize the matrix, 
polarize, and secrete acid and a collagenolytic 
enzyme.

So far, most genetic mutations that regulate 
bone mass, whether natural or generated by tar-
geted deletions, are associated with the osteoclast. 
Mutations can be inherent to the osteoclast and 
precursor, or found in proteins that are produced 
by lymphoid or mesenchymal tissue, which regu-
late the survival, differentiation, and/or function 
of the mature bone-resorbing cell.

Modulators of Osteoclastic Cell 
Differentiation and Function

Osteoclastogenesis is regulated mainly by two 
cytokines: receptor activator of the NFκB ligand 
(RANKL) and macrophage colony-stimulating 
factor (M-CSF). RANKL is a glycoprotein pro-

duced by stromal cells that belongs to the TNF 
ligand super family. RANKL signal is mediated 
through the association to its receptor, RANK, 
a member of TNFR super family and a type I 
transmembrane protein. RANKL secreted by 
activated T cells is able to activate the monocytic 
cells to differentiate into osteoclasts through 
RANK receptor. RANK ligand can be inhibited 
by OPG, a soluble decoy receptor that also 
belongs to the TNFR super family (99). Blocking 
RANKL causes osteoclast differentiation to be 
suppressed.

M-CSF is a secreted cytokine that promotes the 
proliferation and differentiation of precursors of 
the monocyte linage. M-CSF is able to recognize 
only one receptor, the tyrosine kinase c-Fms. 
Transgenic mice lacking c-Fms develop osteope-
trosis (100) because of their inability to produce 
osteoclasts.

Most factors that induce osteoclast differentia-
tion, such as PTHrP, interleukin (IL)-11, and 
prostaglandins, do so by inducing expression of 
RANKL on the surface of immature osteoblasts 
(101). In addition, osteoclasts produce autocrine-
paracrine factors that regulate osteoclast forma-
tion, such as IL-6. Several autocrine-paracrine 
factors that regulate osteoclast activity include 
annexin-II, macrophage inhibitory protein (MIP)-
1α, eosinophil chemotactic factor, and osteoclast 
inhibitor factors 1 and 2. Most recently, the recep-
tor for ADAM8 (102) and α9β1 integrin (103) have 
been shown to be involved in normal osteoclast 
activity. Osteoclast differentiation is controlled by 
exogenous hormones and cytokines as well as 
autocrine-paracrine factors that positively or 
negatively regulate osteoclast proliferation and 
differentiation.

In summary, bone cells from different origins, 
at different stages of differentiation, and with 
different and sometimes opposing functions, 
integrate into a network of cells that work 
together to orchestrate modeling, remodeling, 
and bone repair starting very early in develop-
ment. Soluble signaling cytokines, hormones, and 
growth factors as well as cell-to-cell communica-
tion pathways (i.e., connexin43-gap junctional 
communication) play essential roles in maintain-
ing tissue integrity and appropriate mechanical 
support (Figure 1.3).
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Bone Turnover

Bone mass is the result of a lifelong balance 
between the processes of bone formation and 
bone resorption, and in fact, most metabolic bone 
diseases, including osteoporosis, are a conse-
quence of an unbalanced bone turnover. In normal 
conditions, bone resorption and bone formation 
in the adult bone represent not only the physio-
logical response of the skeleton to injuries, such 
as fractures, but they also provide the mechanism 
for the renewal of aging bone tissue, as well as 
for the remodeling of the skeletal architecture to 
maximize its fl exibility to stress and resistance 
to load.

Osteoporotic syndromes are characterized by a 
wide spectrum of bone turnover, ranging from 
accelerated to reduced remodeling rates. Although 
the status of bone remodeling is not a specifi c 
indication of any particular disorder, estimation 
of the processes of bone resorption and formation 
adds crucial information for the prognosis of the 
disease, as well as for the selection of the most 

appropriate therapeutic approach, thereby signif-
icantly affecting the clinical decision-making 
process. Higher rates of bone remodeling are in 
general associated with higher rates of bone loss, 
and in these conditions, an anti-resorptive treat-
ment usually leads to better therapeutic responses 
than in disorders characterized by low remodel-
ing rates.

During the process of bone resorption calcium 
salts are liberated from the bone, and if not reused 
by the osteoblasts for new bone formation, they 
enter the circulation and are cleared by the 
kidneys. Therefore, an increased bone turnover 
is usually associated with an increased urinary 
calcium output. Before current biochemical 
markers were introduced, urinary calcium excre-
tion represented the only humoral index available 
to estimate the rate of bone turnover. Although a 
moderate hypercalcemia is still considered as a 
possible sign of increased bone remodeling rates, 
this parameter can obviously only provide a 
rough estimate of the real extent and nature of the 
remodeling process.

FIGURE 1.3. Bone cells working in concert. Bone cells with differ-
ent and sometimes contrasting functions, integrate into a network 
to orchestrate modeling, remodeling, and repair of bone. Some 
soluble signaling hormones (PTH), morphogens (BMPs), and 
growth factors (IGF, TGF-β), as well as cell-to-cell communication 
pathways (i.e., connexin43-gap junctional communication [green 
channels between adjacent cells or cell processes]), are included in 

order to describe communication pathways utilized to coordi-
nately maintain bone integrity. Systemic, paracrine, autocrine, 
and coupling factors make this environment unique for bone 
cell differentiation and function. Cytoplasmic signaling molecules 
can travel through mineralized matrix (red) thanks to the 
action of osteocytes and specialized cellular structures (i.e., gap 
junctions).
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Measurement of Bone Turnover

Through the use of dual X-ray bone absorptiom-
etry (DXA), it is possible to measure the BMD of 
individuals; thus providing information on the 
skeleton at that specifi c site and at that specifi c 
point in time. Although evaluation of BMD is 
critical in the clinical evaluation of the patient at 
risk for osteoporosis (and potentially for other 
metabolic bone diseases), BMD represents a static 
parameter that provides no insight into the rate 
of bone turnover in a given patient. The ability to 
complement the static measurement of BMD with 
an assessment of the dynamic process of bone 
turnover could, in principle, enhance the ability 
of BMD to predict risk of subsequent fractures. 
However, although it has been possible to measure 
BMD at various skeletal sites for almost 20 years, 
bone turnover per se could only be assessed in the 
past by a combination of calcium balance and 
isotope kinetic studies (both time-consuming and 
very expensive) or by tetracycline-based histo-
morphometry (both invasive and expensive as 
well). Thus, the more recent availability of bio-
chemical markers for bone turnover represents a 
major methodological advance. These measure-
ments are noninvasive, relatively inexpensive, 
generally available, can measure changes in bone 
turnover over short intervals of time, and can be 
assessed repetitively. As with any new technology, 
however, where they fi t into a clinical approach to 
patients with known or suspected osteoporosis is 
an evolving area.

Bone Formation Markers

The major synthetic product of osteoblasts is type 
I collagen; however, osteoblasts also synthesize 
and secrete a variety of noncollagenous proteins, 
two of which are clinically useful markers of 
osteoblastic activity, and by inference, bone 
formation. Bone-specifi c isoform of ALP is an 
osteoblast product that is clearly essential 
for mineralization. Indeed, ALP defi ciency, as 
in the disease hypophosphatasia, results in 
defective mineralization of bone and teeth (104). 
Although bone-specifi c ALP has been used for 
years as a clinical indicator of bone turnover, 
the precise role of this enzyme in the mineraliza-

tion process remains unclear. Studies suggest ALP 
may increase local concentrations of inorganic 
phosphate, destroy local inhibitors of mineral 
crystal growth, transport phosphate, act as a 
calcium-binding protein, or some combination of 
these events.

Circulating ALP activity is derived from several 
tissues, including intestine, spleen, kidney, pla-
centa (in pregnancy), liver, bone, or from various 
tumors. Thus, measurement of total ALP activity 
does not provide specifi c information on bone 
formation. However, because the two most 
common sources of elevated ALP levels are liver 
and bone, a number of techniques, including heat 
denaturation, chemical inhibition of selective 
activity, gel electrophoresis, and precipitation by 
wheat germ lectin have been used to distinguish 
the liver versus bone isoforms of the enzyme. 
Most recently, assays have used tissue-specifi c 
monoclonal antibodies to measure the bone 
isoform, which has only 10–20% cross-reactivity 
with the liver isoform.

OC is another noncollagenous protein secreted 
by osteoblasts and is widely accepted as a marker 
for osteoblastic activity, and therefore, bone for-
mation. However, it should be kept in mind that 
OC is incorporated into the matrix and is released 
into the circulation from the matrix during bone 
resorption, so the serum level at any one time has 
a component of both bone formation and resorp-
tion. Therefore, OC is more properly a marker of 
bone turnover rather than a specifi c marker of 
bone formation per se. To complicate matters, the 
function of OC has not been identifi ed, although 
its deposition in bone matrix increases with 
hydroxyapatite deposition during skeletal growth. 
OC is measured in serum or plasma by radioim-
munoassays, based on antibodies raised against 
bovine protein, which cross-react with the human 
molecule. Like ALP, OC levels vary with age. Thus, 
children in active stages of bone growth have 
higher circulating levels than adults, with a peak 
around the pubertal age for both sexes. Thereaf-
ter, serum OC stabilizes, until the fi fth to sixth 
decade, when a signifi cant rise occurs in females. 
This phenomenon is linked to the menopausal 
ovarian failure, is reproduced by oophorectomy, 
and represents a transient change. In fact, OC 
returns toward premenopausal levels 15–20 years 
after the menopause.
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As noted previously, the major synthetic 
product of osteoblasts is type I collagen. There-
fore, in principle, indices of type I collagen syn-
thesis would appear to be ideal bone formation 
markers. Several such assays have been developed 
in recent years, directed against either the carboxy- 
or amino-extension peptides of the procollagen 
molecule. These extension peptides (carboxyter-
minal propeptide of type I collagen and aminoter-
minal propeptide of type I procollagen) guide 
assembly of the collagen triple helix, and are 
cleaved from the newly formed molecule in a 
stoichiometric relationship with collagen biosyn-
thesis. However, because type I collagen is not 
unique to bone, these peptides are also produced 
by other tissues that synthesize type I collagen, 
including skin.

Bone Resorption Markers

In contrast to the bone formation markers, where 
the noncollagenous proteins produced by osteo-
blasts seem to be the most useful markers, it is the 
collagen degradation products, rather than spe-
cifi c osteoclast proteins, that are most useful as 
markers of bone resorption. As the skeleton is 
resorbed, the collagen breakdown products are 
released into the circulation and ultimately cleared 
by the kidney. The predominant amino acid of 
type I collagen is hydroxyproline, and assay of its 
level in the urine has been used for many years to 
assess bone resorption. However, hydroxyproline 
is not specifi c to bone collagen, and dietary protein 
sources can also contribute to urinary hydroxy-
proline excretion. Because of this, patients had to 
be on a collagen-free diet for 1–3 days before a 
24-hour collection for hydroxyproline measure-
ment. Moreover, a major drawback of urinary 
hydroxyproline measurements is that they require 
high-pressure liquid chromatographic (HPLC) 
methods, which are relatively time-consuming 
and expensive.

Nowadays, there are rapid and relatively 
inexpensive immunoassays for various collagen 
breakdown products, increasing the clinical use 
of bone resorption markers. These products 
are cross-linked N- and C-telopeptides of type I 
collagen from bone. Collagen is a triple helix, 
with the amino- and carboxy-terminals of the 
collagen chains connected to adjacent collagen 

chains by cross-links. During the process of col-
lagen breakdown, these telopeptides are released 
into the circulation and cleared by the kidney. 
When osteoclasts resorb bone, they release a 
variety of collagen degradation products into 
the circulation that are metabolized further by 
the liver and the kidney. Thus urine contains 
these various telopeptides in specifi c forms that 
can be measured as both free and protein-bound 
moieties.

Finally, the only osteoclast-specifi c product 
that has been evaluated to any extend as a bone 
resorption marker is tartrate-resistant acid phos-
phatase (TRAP). Acid phosphatase is a lysosomal 
enzyme that is present in a number of tissues, 
including bone, prostate, platelets, erythrocytes, 
and the spleen. Osteoclasts contain a TRAP that 
is released into the circulation. However, plasma 
TRAP is not entirely specifi c for the osteoclasts, 
and the enzyme is relatively unstable in frozen 
samples. Because of these limitations, TRAP has 
not been used to any signifi cant extent in the 
clinical assessment of patients, although the 
recent development of immunoassays using 
monoclonal antibodies specifi cally directed 
against the bone isoenzyme of TRAP may improve 
its clinical use.

Some of the issues regarding the use of 
various bone biochemical markers are as follows. 
First, urinary resorption markers are generally 
reported after normalization to creatinine excre-
tion. This has certain limitations, including vari-
ability in the creatinine measurement that 
contributes to the overall variability in the mea-
surement of the urinary markers. A second issue 
is that many of the bone turnover markers 
have circadian rhythms, so the timing of sampling 
is of some importance. Peaks levels usually 
occur between 4 and 8 AM (105). Thus, for the 
urine markers, it is best to obtain either a 24-hour 
urine collection or, if that is inconvenient for the 
patient, a second morning void sample can be 
used.

Bone Turnover and Aging

In adults, a third consideration is that most of the 
bone turnover markers tend to be positively asso-
ciated with age (106), except for a signifi cant 
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decline from adolescence to approximately age 25 
years, as the phase of skeletal consolidations is 
completed (107). This issue must be kept in mind 
when normative data for each of the markers are 
established. A fourth issue is the potential for dif-
ferential changes in the various bone formation 
or resorption markers in different disease states 
or in response to different therapies. Thus, for 
example, bone-specifi c ALP tends to show much 
larger increases in Paget’s disease than OC; con-
versely, glucocorticoid therapy is associated with 
larger decrements in OC levels as opposed to 
bone-specifi c ALP levels (108).

Finally, one has to be aware of the potential 
variability (technical and biological) of the 
various bone turnover markers. BMD can be mea-
sured by DXA with an accuracy of greater than 
95% and a precision error for repeat measure-
ments of between 0.5–2.5%. In contrast, the bio-
chemical markers of bone remodeling are subject 
to intra- and inter-assay variability (technical 
variability) as well as individual patient biological 
variability.

Accordingly, bone biochemical markers assess 
balance between resorption and formation, and 
although bone turnover markers are generally 
inversely correlated with BMD, these correla-
tions are not strong enough to have any value 
in terms of predicting bone mass for a given 
individual. Thus, these markers cannot and 
should not be used to diagnose osteoporosis or 
to predict bone mass; direct measurement of 
bone mineral density is extremely effective at 
accomplishing that.

Age-related fractures are the most common 
manifestation of osteoporosis and are responsi-
ble for the greatest proportion of the morbidity 
and mortality from this disease. Biochemical, 
biomechanical, and non-skeletal factors contrib-
ute to fragility fractures in the elderly. Over a 
lifespan, women lose approximately 42% of their 
spinal and 58% of their femoral bone mass (109). 
Surprisingly, rates of bone loss in the eighth and 
ninth decades of life may be comparable with or 
even exceed those found in the immediate peri- 
and post-menopausal period of some women. 
This is because of the uncoupling in the bone 
remodeling cycle of older individuals, resulting 
in a marked increase in bone resorption but no 
change or a decrease in bone formation. This 

uncoupling has facilitated the efforts of the phar-
maceutical industry in their search to produce 
effective therapeutic entities for the treatment of 
bone loss. Essentially, drugs that decrease bone 
resorption also tend to show decreased bone 
formation because of the coupling that exists 
between the two functions. And the opposite is 
true of drugs that tend to increase bone forma-
tion—they show an eventual increase in bone 
resorption. Thus, with the uncoupling that 
takes place in older individuals, pharmaceutical 
companies have been able to develop drugs that 
will decrease bone resorption without the con-
current or at least resultant decrease in bone 
formation.

Role of Bone and Bone Cells in Stem 
Cell Biology

As indicated earlier, although bone has been clas-
sically viewed as providing the structural support 
for the human body, and bone cells as being 
involved in maintaining bone and skeletal homeo-
stasis; novel key roles for bone and bone cells in 
human physiology are being discovered in the 
area of stem cell biology. Cells of the stromal/
osteoblastic lineage play central regulatory roles 
as part of the hematopoietic stem cell (HSC) niche 
in vivo. They are capable of directing stem cell 
self-renewal and proliferation, allowing a subse-
quent differentiation and repopulation of the 
hematopoietic system through Notch activation 
and BMP signaling (110,111). Interestingly, this 
novel function of stromal/osteoblastic cells is 
stimulated by parathyroid hormone, a key regula-
tor of bone and mineral homeostasis. Activation 
of PTH1R in a specifi c population of stromal/
osteoblastic cells results in stimulation of Jagged 
1 protein production and targeting to the cell 
surface. There it interacts with Notch on the 
surface of adjacent HSCs, triggering a biological 
response that results in increased HSC prolifera-
tion. Pharmacologic use of PTH increases the 
number of HSCs mobilized into the peripheral 
blood for stem cell harvests, protects stem cells 
from repeated exposure to cytotoxic chemo-
therapy, and expands stem cells in transplant 
recipients (112).
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All these cellular interactions take place within a 
specialized microenvironment in the bone marrow, 
the HSC niche. It is proposed that these niches 
localize at specifi c anatomical sites, requiring a 
unique micro-architecture that can only be struc-
turally provided by bone tissue. Some of these 
structures are found in trabecular bone localized to 
the endosteal surface of bone (113). Moreover, acti-
vated HSCs migrate out of the stromal/osteoblastic 
niche in trabecular bone and closer to specialized 
blood vessels, where they actually proliferate and 
begin to differentiate in close relationship to sinu-
soid endothelial cells (114). This suggests that the 
stromal/osteoblast niche is a quiescent niche, where 
HSCs undergo self-renewal while proliferation and 
subsequent differentiation take place in the vascu-
lar niche some distance away from the stromal/
osteoblast niche. This concept is consistent with an 
oxygen gradient and the effect of oxygen tension 
on stem cell physiology. The stromal/osteoblast 
niche is an environment of low oxygen tension ana-
tomically at a distance from blood vessels, whereas 
the vascular niche provides a high oxygen tension 
environment. This agrees with the in vitro effects 
of oxygen observed on HSC differentiation, whereby 
low oxygen preserves a more developmentally 
primitive HSC and higher oxygen favors HSC dif-
ferentiation (115,116). This scenario may not only 
be true for the HSC compartment in bone marrow. 
MSCs represent a heterogeneous population of 
cells at different stages of differentiation. Develop-
mentally primitive MSCs with a broad differentia-
tion potential have been identifi ed in human bone 
marrow (117–119). Similarly, low oxygen tension 
favors a more primitive phenotype (120), while 
inhibiting osteoblastic differentiation (66). Thus, it 
is likely that the most primitive MSCs may also 
localize to a specifi c niche similar to that of the HSC 
niche, whereby the unique microenvironment is 
provide by specialized bone anatomical sites. Alter-
natively, both MSCs and HSCs may share the same 
niche, particularly because a population of human 
primitive MSCs (119) express PTH1R on their 
surface and respond to PTH stimulation.
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Aging and Bone
Jeffrey M. Gimble, Z. Elizabeth Floyd, Moustapha Kassem, and Mark E. Nuttall

Introduction

This chapter will provide a general overview of the 
aging process followed by the potential effect that 
aging may have in bone biology. Three important 
aspects will be considered: decreased number of 
osteoblasts, increasing adipogenesis, and signifi -
cant osteoblast/osteocytes apoptosis during the 
aging process in bone.

Aging—A Definition

In clinical medicine, aging may be best defi ned by 
the words Supreme Court Justice Potter Stewart 
used to describe pornography: “I know it when I 
see it” (JACOBELLIS v. OHIO, 378 U.S. 184 (1964)). 
Every physician has witnessed the effects of aging, 
both in individual patients followed over a period 
of time and in their collective patient population 
base. Nevertheless, a number of defi nitions of 
aging have been offered, and these have been ele-
gantly summarized in Carrington’s review enti-
tled: “Aging bone and cartilage: cross-cutting 
issues” (1). In the clinical care setting, aging is 
generally associated with the loss of a wide range 
of physiological processes (1) (Table 2.1). These 
include decreased fertility (2), decreased resil-
ience in response to environmental stressors such 
as infections, surgery, or physical attack (3), and 
decreased physical strength. Inevitably, aging is 
also associated with end of life and death (2,4).

At the cellular level, several fundamental and 
interconnected processes accompany aging in 
vitro and in vivo (1) (Table 2.1). Hayfl ick fi rst 

defi ned the process of cellular senescence, dem-
onstrating that “normal” diploid cells can undergo 
a limited number of cell doublings in vitro (5). 
These pioneering observations set the framework 
within which much of our understanding of aging 
is now predicated. Consequently, the Hayfl ick 
model for replicative senescence has been 
employed in biogerontology research to unravel 
mechanisms of age-related cellular defects (6). 
Using this model, several investigators have 
reported an inverse relationship between the 
donor age and maximal proliferative potential of 
the cells in vitro (7). The Kassem laboratory has 
characterised a Hayfl ick model for replicative 
senescence of human osteoblasts (8,9). During 
continuous culture in vitro, human osteoblasts 
exhibited typical senescence-related phenotype 
including senescent-associated decrease in osteo-
blast marker production (alkaline phosphatase 
[AP], osteocalcin, collagen type I), decrease in 
mean telomere fragment length, and increase in 
the number of senescence-associated β-galactosi-
dase (SA β-gal) positive cells (10,11). With each 
progressive mitotic cycle, each telomere, located 
at the ends of individual chromosomes, decreases 
in length; and this has been associated with senes-
cence (12). It has been postulated that the telo-
mere length acts as a “mitotic clock,” and it is 
known that the overexpression of telomerase, the 
enzyme responsible for maintaining telomere 
length, leads to cell immortalization (13). The 
Kassem laboratory has further examined the 
effect of donor age on the maximal proliferative 
potential of bone marrow stem cells (BMSC). An 
age-related decline in the maximal life span from 
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41 ± 10 population doublings (PD) in young 
donors to 24 ± 11 PD in elderly donors was 
observed. These results thus suggest that human 
aging is associated with reduced maximal prolif-
eration potential of BMSC. However, the prolif-
eration potential of aged BMSC is still very high; 
thus, the contribution of the observed in vitro 
age-related decreased maximal proliferative 
potential of osteoblasts to age-related decreased 
bone formation in vivo is not clear.

It seems that the Hayfl ick model of replicative 
senescence is useful for studying some aspects of 
the aging process, and it has been employed 
extensively in biogerontology research to investi-
gate changes at both the genetic and epigenetic 
levels. Somatic mutations increase (1,4) and DNA 
methylation and histone acetylation patterns alter 
(14), leading to altered gene expression profi les 
and differentiation function. Other DNA changes 
accompany senescence in somatic cells. Reduced 
oxidative phosphorylation in the mitochondria of 
senescent cells leads to reduced energy availabil-
ity and metabolic function (15). In parallel, mito-
chondrial dysfunction results in elevated levels of 
free radicals in the form of reactive oxygen species 
(ROS), and this has long been postulated as a 
causative factor in cellular senescence and aging 
(16,17). The generation of ROS has been associ-
ated with altered signal transduction responses to 
growth factors (18). In addition, elevated levels of 
ROS cause increased expression of pro-apoptotic 
or programmed cell death regulators within dif-
ferentiated cell types (19). These changes may 
cause the cells to be more sensitive to exogenous 
stress to the endoplasmic reticulum and other 
subcellular organelles that lead to subsequent 
apoptosis (20). An additional biochemical event 
associated with aging is the formation of advanced 

glycation end products (AGEs), formed through 
the non-enzymatic interaction of glucose with 
amino groups, known as the Maillard reaction 
(21). Glycated forms of collagen and other pro-
teins accumulate in tissues with low levels of cel-
lular turnover, such as bone (21). Whereas AGEs 
have been well established as the target for diag-
nostic and prognostic clinical testing in diabetes, 
they may have an equivalent potential as bio-
markers for aging. Likewise, receptors for AGEs, 
also known as RAGEs, may be responsible for 
alterations associated with aging and chronic 
disease (22,23). The gene for one of these recep-
tors lies within the major histocompatibility locus 
and has been associated with the infl ammatory 
response (22); its activation induces the NFκB 
transcription factor responsible for regulating the 
expression of pro-infl ammatory cytokines such as 
interleukin (IL)-6 and tumor necrosis factor 
(TNF)-α (24). The accumulated impact of each of 
these biochemical events results in the cellular 
changes characterized as “aging.”

Aging and Bone Physiology

Bone development is a dynamic process that 
begins in the embryo and extends throughout the 
lifetime of the individual (Figure 2.1). The osteo-
genic process in the embryo provides a paradigm 
for our understanding of the physiology of bone 
in the adult and the consequences of aging. The 
condensation of mesenchymal stem cells (MSCs) 
give rise to intramembranous and endochondral 
bone formation in the embryo (25). In the former 
case, the progenitor/stem cells differentiate 
directly into osteoblasts, whereas in the latter, the 
cells form chondrocytes fi rst, which subsequently 
mineralize their extracellular matrix and become 
osteoblasts (25). These events are closely linked 
with angiogenesis and the secretion of angiogenic 
factors such as vascular endothelial growth factor 
(VEGF) in a coordinated and time dependent 
manner (25). Bone accumulation refl ects a life-
long balance or homeostasis between bone forma-
tion by osteoblasts and bone resorption by 
osteoclasts. As will be discussed further, multiple 
hormonal, cytokine, biomechanical, nutritional, 
and environmental factors infl uence these events. 
Shortly after birth, adipogenesis, or the formation 

TABLE 2.1. Macro- and Micro-Manifestations of Aging (1)

Clinical Cellular

Decreased fertility Increased senescence
Decreased physical strength 

and/or mental acuity
Increased oxidative damage

Decreased resilience and stress 
response

Altered apoptosis or programmed 
cell death

Increased mortality Increased AGEs

AGEs, advanced glycation end products.
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of fat cells, occurs within the marrow cavity of 
the distal phalanges and tarsal bones, and this 
advances proximally towards the skeleton of 
the thorax throughout life. These events are 
regulated, in part, by the body’s hematopoietic 
demands. The human body reaches its peak bone 
mass during the third decade of life. After this 
point, bone mass decreases by as much as 1–2% 
per year. In women, the rate of loss is briefl y accel-
erated during the years surrounding menopause. 
This puts women at greater risk of osteopenia and 
osteoporosis at a younger age than men. Extreme 
cases of osteoporosis are associated with frailty in 
the elderly and contribute to the high incidence of 
fracture in the aged population.

MSCs

The mesenchymal cells in the developing embryo 
give rise to the “anlagen,” or condensation that 
ultimately forms bone. Alexander Friedenstein 
and his colleagues performed pioneering studies 
in the 1960s and 1970s identifying a subpopula-
tion of bone marrow fi broblasts with the ability 
to differentiate along multiple lineage pathways, 
including adipocyte, chondrocyte, and osteoblast 
(26). Over the years, these cells have been identi-
fi ed by many different names, including fi bro-
blast stem cells (27), mechanotyes (26), nurse 
cells (28), reticuloendothelial cells (28,29), stromal 
cells (30,31), stromal stem cells (32,33), and 
Westin-Bainton cells (29). Now recognized as 
mesenchymal stem cells or stromal cells (34), it 
has been determined that MSCs continue to 

reside in the bone marrow microenvironment 
throughout life. Studies have documented that 
cloned MSCs retain their multipotent differentia-
tion characteristics, consistent with the identifi -
cation of a true “stem cell” (35–37). These studies 
have led to a new appreciation of the existence of 
“adult” or “somatic” stem cells in multiple tissues 
of the body, terms that were formerly restricted 
to the progenitors of the hematopoietic lineages, 
(i.e., hematopoietic stem cells [HSCs]). A simple 
assay used to quantify the number of MSCs is 
based on their ability to form colonies when cul-
tured in vitro, known as colony forming unit-
fi broblast (CFU-F). Nucleated bone marrow cells 
are plated at limiting dilutions on a plastic surface 
and the number of cell “colonies” (defi ned as 
groups of more than 50 cells) with fi broblast 
morphology are determined after a 1- to 3-week 
expansion period. Based on this approach, studies 
have found that the number of murine bone 
marrow MSCs decreases with advancing age (38). 
Likewise, in humans, the number of CFU-F 
decreases during the fi rst decade of life (39). In 
the later decades of life, between the ages of 20 to 
70, the number of CFU-F remains relatively con-
stant (40,41). In conclusion, human studies show 
that with aging there is maintenance of CFU-F 
cell population size in the bone marrow, and that 
the observed decline in the number of CFU-F in 
early adulthood may represent changes in the 
skeletal dynamics from a modeling mode charac-
teristic of skeletal growth and consolidation to a 
remodeling dynamic characteristic of the adult 
skeleton. This may also explain why experiments 
employing rodents showed a decline in the 

Events in the Progression of Bone Development 

        PEAK BONE MASS 
      Accumulation    Reduction   
     (Formation > Loss)      (Loss> Formation) 
    Adipogenesis Initiates       Menopause 
   Resorption/Remodeling        Osteopenia 
  Mineralization            Osteoporosis 
 Organization              Frailty 
Condensation                Fracture

EMBRYO    : NEWBORN  3rd DECADE       5th DECADE         >6th  DECADE 

FIGURE 2.1. Events in the progression of bone development.



22 J.M. Gimble et al.

CFU-F number as they continue to grow through-
out their lifespan.

The Inverse Relationship Between 
Adipocytes and Osteoblasts

Clinical epidemiological observations have esta-
blished that a relationship exists between adi-
pocytes and osteoblast functions in the bone 
marrow microenvironment. Autopsy studies of 
large patient population bases of varying ages 
demonstrated that the percentage of the marrow 
cavity occupied by fat increased with advancing 
age (42–46). Adipose accumulation was observed 
in the femur, iliac crest, and vertebral bodies. 
More recent, non-invasive studies using magnetic 
resonance imaging (MRI) have further docu-
mented the age-dependent increase in marrow 
fat (47).

Work by Meunier et al. (48) in the early 1970s 
extended the initial pathological studies. Using 
bone marrow biopsies, they were able to draw a 
correlation between osteoporosis and the degree 
of adipogenesis in the iliac crest bone marrow 
cavity in a cohort of 84 subjects (48). In the early 
1990s, Beresford and colleagues performed pivotal 
studies regarding the differentiation of MSCs that 
provide a mechanistic understanding of these 
clinical observations (49). They observed that cul-
tures of bone marrow stromal cells could select 
the adipogenic or osteoblastic lineage pathways 
equally under controlled culture conditions. If, 
however, they delayed the addition of glucocorti-
coid or vitamin D3, they were able to promote 
osteoblast or adipoctye differentiation, respec-
tively (49). They concluded that the MSC response 
to nuclear hormone receptor ligands could regu-
late an inverse relationship between the number 
of adipocytes and osteoblasts in bone marrow 
(49). Other laboratories later confi rmed these 
important fi ndings (50). It is now recognized that 
a wide range of exogenous and endogenous factors 
can regulate MSC adipogenesis and osteogenesis 
in an inverse or reciprocal manner (Table 2.2). 
The levels of such factors may change with aging. 
Recent work by the Kassem laboratory has dem-
onstrated that sera from elderly females are less 
able to support osteoblastic function in human 

MSCs as compared to that from younger females 
(51). In contrast, both sera were equally effective 
in supporting adipocyte differentiation (51). The 
specifi c serum components responsible for this 
remain to be determined.

Biochemical Signaling Pathways

Nuclear hormone receptors are a large family of 
transcription factors that control a broad range of 
physiological and metabolic responses. These 
proteins respond to small lipophilic ligands, which 
move easily across cell membranes as well as 
between cells and organs. These lipophilic activa-
tors range from fatty acids to steroids, making the 
nuclear hormone receptors important targets for 
therapeutic intervention in metabolic disorders 
(53,54).

The peroxisome proliferator-activated receptor 
gamma (PPARγ) is activated by fatty acids derived 
from dietary and metabolic sources, and is the 
target of the anti-diabetic thiazolidinedione class 
of insulin-sensitizing drugs such as rosiglitazone 
and pioglitazone. PPARγ is essential for the devel-
opment of adipose cells, including the adipose 
depots of the bone marrow (55). In vitro studies 
using bone marrow-derived MSCs fi nd that 
PPARγ-mediated induction of adipogenesis inhib-
its osteoblastic bone formation (49,50). The recip-
rocal relationship between PPARγ activity and 
osteogenesis is particularly evident with increased 
age (56,57). Recent evidence indicates that the use 
of thiazolidinediones in older diabetic adults may 

TABLE 2.2. Pathways Regulating Bone Marrow MSC Adipogenic 
and/or Osteogenic Differentiation (52)

Nuclear hormone 
receptors

Transmembrane 
signal transduction 

pathways

Adipocyte-derived 
adipokines and 

factors

Vitamin D3 BMP Adiponectin
Estrogen/Androgen Insulin Angiotensin
Glucocorticoids Parathyroid hormone Free fatty acids
LXR TGF-β Leptin
PPAR Wnt Signaling Oxidized LDLs

MSC, mesenchymal stem cell; BMP, bone morphogenetic protein; LXR, 
liver X recepter; TGF, transforming growth factor; PPAR, peroxisome 
proliferator-activated receptor; LDL, low-density lipoproteins.
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be associated with bone loss in women (58). These 
studies indicate that therapeutic approaches to 
the treatment of diabetes that target PPARγ may 
lead to enhanced bone loss in women at risk for 
osteoporosis.

The glucocorticoid receptor is another nuclear 
hormone receptor whose activation has impor                          -
tant therapeutic implications. Glucocorticoids are 
widely used because of their anti-infl ammatory 
effects (reviewed in 59). The side effects associated 
with long-term use of glu co corticoids includes 
increased fat accumulation and osteoporosis. In 
vitro studies show that dexamethasone treatment 
of bone marrow-derived mesenchymal cells leads 
to increased expression of genes required for 
adipogenesis (60). These changes are associated 
with decreased expression of genes that regulate 
osteoblast formation, suggesting glucocorticoids 
stimulate production of bone marrow-derived 
adipocytes at the expense of bone formation. The 
effects of glucocorticoid receptor activation are 
particularly problematic in the aging population, 
which is associated with decreased osteoblast 
formation (61).

Nuclear hormone receptors are closely linked 
with transmembrane signaling via the Wnt/
β-catenin signaling pathway. Wnt pathways are 
important regulators of developmental and 
endocrine functions. Interaction between nuclear 
receptors and the Wnt pathway plays a promi-
nent role in bone and adipocyte development. 
Activation of Wnt signaling blocks the formation 
of adipocytes by inhibiting the expression of 
PPARγ and C/EBPα (62,63). Human studies 
of mutant forms of the Wnt co-receptor, the 
low-density lipoprotein (LDL)-related protein 5 
(LRP5), demonstrate the importance of Wnt 
signaling in bone formation. Loss of LRP5 func-
tion is associated with decreased bone mass (64) 
whereas gain-of-function mutations in LRP5 
lead to increased bone mass (65). In vitro studies 
of MSCs attribute Wnt-dependent stimulation of 
osteogenesis to Wnt10b (66), a Wnt signaling 
protein found in stromal vascular cells, but not 
adipocytes (63).

The bone morphogenetic proteins (BMP) belong 
to the transforming growth factor beta (TGF-β) 
family and are important determinants of bone 
and fat formation. Recent studies of human bone 

marrow mesenchymal cells indicate BMP and Wnt 
signaling cooperate in regulating inhibition of adi-
pocyte development (67). In particular, BMP sig-
naling regulates expression of Wnt10b and LRP5, 
both components of the Wnt pathway involved in 
inhibiting adipocyte formation.

Adipocytes secrete a number of proteins (“adi-
pokines”) that function as hormones through an 
endocrine pathway. Leptin is a 16-kDa peptide 
hormone that binds to the leptin receptor, a 
member of the cytokine receptor signaling 
pathway (68). Originally identifi ed as a satiety 
factor, leptin’s role has expanded to include a 
range of effects, including the regulation of bone 
formation. Murine studies indicate that age-
related loss of bone strength is accompanied by 
decreased serum leptin levels (69). Studies of 
elderly men show that leptin exerts a modest 
effect on bone strength independent of fat mass 
(70). Further studies demonstrate that MSCs 
exhibit high-affi nity leptin binding when under-
going either adipogenesis or osteogenesis (71). 
Leptin binding was decreased in mesenchymal 
cells derived from post-menopausal osteoporotic 
donors, supporting a role for leptin in determin-
ing bone strength in an elderly population.

Adiponectin is another adipocyte-secreted 
protein that links body weight with regulation of 
bone mass. Adiponectin is well-described as 
being secreted by white adipose tissue and having 
a positive effect on insulin sensitivity. Recent 
studies show that bone marrow-derived mesen-
chymal cells contain adiponectin receptors and 
also produce adiponectin (72,73). The in vitro 
evidence suggests a complex role for adiponectin 
in regulating bone density. Adiponectin may act 
directly on bone via endocrine or autocrine path-
ways and indirectly via improvement of insulin 
sensitivity.

Resistin, a newly discovered adipokine associ-
ated with insulin resistance (74), is also expressed 
in bone marrow-derived mesenchymal cells (75). 
Resistin levels are inversely related to bone density 
(76) in aging men, suggesting a role for resistin in 
determining bone formation. Although the mech-
anism of action of these adipokines is not well 
understood, the relationship between bone and 
fat formation makes these proteins an important 
target for therapeutic intervention.
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Why Fat?

The role of adipocytes in the bone marrow cavity 
remains an area of active investigation and specu-
lation (77). A number of teleological hypotheses 
have been posed:

a. That adipocytes fi ll up space in the marrow 
cavity that is not required for hematopoiesis. 
The marrow cavity occupies a greater volume 
of the adult organism relative to that of a 
newborn or child. Consequently, less than 
100% of the volume may be required at any 
given time for blood cell production (passive 
role).

b. That adipocytes in the marrow contribute to 
the overall synthesis, processing, and storage 
of lipids and triglycerides (active role).

c. That adipocytes in the marrow serve as 
an energy reserve for local or systemic events 
requiring a rapid metabolic response (active 
role).

d. That adipocytes retain functions associated 
with other MSC lineages, such as HSC support, 
through the release of regulatory cytokines and 
the surface expression of HSC adhesion factors, 
and/or osteogenesis and mineralization (active 
role).

e. That adipocytes provide bone with mechanical 
advantages to withstand stresses associated 
with physical activity (active role).

Which Fat?

The bone marrow is just one of many adipose 
depots in the body (Table 2.3). Each serves a dif-
ferent function and has greatest importance at 
specifi c human developmental stages. Brown 

adipose tissue (BAT) acts as a non-shivering heat 
source, and is located around vital organs such as 
the heart, carotid arteries, kidneys, and gonads. 
During the critical period following birth, BAT 
provides neonatal humans with a survival advan-
tage, allowing them to maintain their core body 
temperature with a minimum expenditure of 
energy. Later in life, human BAT stores disappear; 
however, this is not the case in small rodents or 
hibernating mammals. Changes in ambient tem-
perature and daylight cycles signal the BAT stores 
in these animals to increase in size and activity. 
The BAT provides the necessary energy and heat 
to allow these animals to survive the winter 
without signifi cant loss of body mass or function. 
Bone marrow adipose tissue displays some fea-
tures in common with BAT. The Nobel Laureate, 
Charles Huggins, correlated the degree of bone 
marrow adiposity with the core temperature of 
the marrow cavity. He found that the femur and 
ulna (lower core temperatures) contained more 
marrow fat than the vertebra and ribs (higher core 
temperatures) (78–80). Further independent 
studies have confi rmed these initial fi ndings 
(81,82). In the armadillo, which has bony plates 
exposed close to the skin’s surface, the marrow 
cavity transitions between a red (hematopoietic) 
and yellow (fatty) phenotype in accordance with 
the season and ambient temperature (82). Com-
parable manipulation of the marrow fat can be 
achieved using hematopoietic stressors or stimuli. 
Under conditions of anemia, owing to exposure 
to phenylhydrazine, prolonged hypoxia, or in 
response to sickle cell disease, adiposity within 
the marrow cavity is reduced (83–88). Under 
conditions of artifi cial polycythemia (hyper-
transfusion), in contrast, marrow adiposity is 
increased (89).

Bone marrow adipose tissue displays features 
in common with white adipose tissue (WAT) as 
well. In some species, such as rabbit, bone marrow 
fat plays an active role in clearing chylomicrons 
and triglycerides from the circulation (90,91). 
Under conditions of extreme starvation or 
anorexia, bone marrow adipose depots are 
depleted to an extent equivalent to WAT (92). It 
remains to be determined if bone marrow adipose 
tissue provides any weight-bearing advantage 
to bone from a biomechanical/bioengineering 
perspective.

TABLE 2.3. Adipose Tissue Depots in Man (93)

Type of adipose
tissue depot Function

Brown Non-shivering thermogenesis
Bone marrow Multiple—hematopoietic, energy and lipid 

metabolism, other?
Mammary Lactation support
Mechanical Weight-bearing stress protection
White Energy reservoir
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What Makes It Bone Versus Fat?

Genetic factors exert considerable infl uence over 
the physiology and pathology of MSC differentia-
tion and bone formation or loss. Specifi c genes 
have been identifi ed that are associated with 
exceptionally strong or weak bone phenotypes. 
An example is LRP5, which functions as a re -
ceptor for the Wnt signal transduction pathway. 
In families with a dominant negative mutation in 
LRP5, inheritance of the gene leads to a condition 
known as osteoporosis-psuedoglioma, associated 
with defective bone formation (64). Likewise, in 
families with a constitutively active mutation in 
LRP5, inheritance gives subjects a bone pheno-
type that appears to be impervious to fracture 
(65,94). These clinical fi ndings are consistent 
with in vitro and in vivo murine studies. Activa-
tion of Wnt signaling transduction inhibits the 
adipogenic pathway in cell models (62,63). When 
transgenic mice over-express Wnt10b under the 
control of an adipocyte-specifi c promoter, their 
bone marrow lacks adipocytes and displays 
increased evidence of osteoblast activity (66). At 
a broader level, genetic factors associated with 
ethnicity infl uence bone physiology. For example, 
the risk of osteoporosis is greater in Caucasian 
and Asian women as compared to those of 
African-American origins; however, the genetic 
basis for this remains an area of active investiga-
tion. Nevertheless, there is little evidence that this 
phenomenon is caused by bone instead of fat 
formation.

Epigenetic factors exert a level of infl uence 
comparable to genetic factors. Physical activity 
has a direct relationship to bone mass and bone 
health. In industrialized societies, even “healthy” 
individuals spend less time each day in physical 
activity as they enter the work force. An individ-
ual’s level of high impact exercise correlates with 
increased bone formation and bone strength. 
Weight-bearing activities, such as gymnastics and 
high-impact exercise, enhance bone metabolism 
and remodeling. In contrast, enforced bed rest is 
associated with a reduction in bone mass and 
bone strength. Patients with chronic illness who 
are bed-ridden, a condition more frequently 
observed in aged populations, are therefore at 
increased risk of osteoporotic changes. With pro-
longed space fl ight, physicians and investigators 

have determined that weightlessness is detrimen-
tal to osteogenesis. The net bone loss may refl ect 
both osteoblastic bone formation and/or enhanced 
osteoclastic bone resorption.

The physical environment also determines an 
individual’s sun exposure and, consequently, the 
biosynthesis of vitamin D and its active metabo-
lites. These nuclear hormone receptor ligands 
play a critical role in regulating calcium metabo-
lism in the bone, intestine, and kidney, with sub-
sequent consequences on parathyroid hormone 
action. Whether an individual works indoors or 
outdoors will have a direct bearing on vitamin D 
pathways. In many elderly, the hours spent 
outdoors decrease as fi tness declines, resulting in 
low or inadequate levels of vitamin D receptor 
ligands.

Nutrition has been a target to offset the risk of 
vitamin D defi ciency. We now fortify milk prod-
ucts with Vitamin D3 to insure that individuals 
receive a minimum daily level; however, because 
many elderly reduce their intake of dairy products 
for reasons of taste or lactose intolerance, this 
strategy is not always effective. Nutrition exerts 
other effects on bone and fat metabolism. Dietary 
components such as fl avinoids and antioxidants 
have been linked to osteoblast differentiation and 
longevity (see apoptosis). Conjugated linoleic acid 
(CLA), a component of animal fats, has been 
found to reduce adipose tissue depots in animal 
models (95). Independent studies indicate that 
CLA can increase bone mass (96), and this appears 
to be mediated through effects inhibiting the 
formation and activation of osteoclasts via the 
receptor activator of the NFκB ligand (RANKL) 
signaling pathway (97).

When dietary nutrition leads to a state where 
net energy consumption exceeds energy demands, 
it often results in obesity. Although obesity mani-
fests as an abundance of extramedullary WAT, it 
correlates with enhanced bone mass (98). Several 
factors may account for this. First, with increased 
weight, an individual’s skeleton is forced to bear 
greater loads. Biomechanical stimuli may enhance 
bone formation relative to bone resorption. 
Second, obesity alters circulating hormone 
levels, directly or indirectly. Adipocytes express 
aromatase, allowing these cells to generate estro-
genic-like compounds (98). Adipocytes secrete 
insulin-like growth factors, and obesity is 
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associated with hyperinsulinemia secondary to 
insulin resistance, both of which can lead to bone 
protection; clinical analyses support this hypoth-
esis (98). Obesity has also been associated with 
elevated levels of parathyroid hormone (99). 
Third, adipokines such as leptin have been associ-
ated with positive effects on osteoblast differenti-
ation and mineralization in murine in vitro and 
in vivo models while inhibiting adipogenesis 
(100,101). These leptin effects seem to be medi-
ated through peripheral mechanisms acting locally 
within the marrow microenvironment. Indepen-
dent studies suggest that leptin administered by 
intra-ventricular injection causes bone loss 
through centrally mediated mechanisms involv-
ing the hypothalamus (102,103). The development 
of leptin resistance and the activity of the blood 
brain barrier may account for the apparent 
discrepancy in these data. Another adipokine, 
adiponectin, has been associated with MSC dif-
ferentiation and altered bone mineral density. 
Unlike other adipokines, adiponectin decreases 
with obesity (104). When added to murine bone 
marrow stromal cells, adiponectin inhibited adi-
pocyte differentiation through a COX2-mediated 
pathway (105). Transgenic mice over-expressing 
adiponectin displayed increased bone mass owing 
to enhanced osteoblast activity and suppressed 
osteoclast function (106). Both adiponectin and 
its receptors have been detected in human MSCs 
(72), and adiponectin levels have been inversely 
correlated to bone mineral density in clinical 
studies (104,107). As with leptin, the mechanism 
of adiponectin actions will require further 
investigation.

Menopause is associated with a rapid decline 
in circulating estrogen, and as a consequence 
there is trabecular bone loss, which results in a 
loss of bone strength. Paradoxically, there are 
increases in bone size (medullary bone and peri-
osteal diameter) after menopause. The increase 
in size is caused by increased periosteal apposi-
tion, which partially preserves strength (108). 
Loss of bone mass that follows the loss of ovarian 
function is associated with an increase in the 
rates of bone resorption and bone formation, 
with the former exceeding the latter, and an 
increase in the number of osteoclasts in trabecu-
lar bone. Post-menopausal bone loss is associated 
with excessive osteoclast activity. In addition to 

these marrow changes, menopause is associated 
with a gain in fat mass and a loss of lean body 
mass, but these changes in body composition are 
not prevented by hormone replacement therapy 
(109). It is clear that the loss of ovarian function 
causes dramatic changes to bone marrow cell 
activity as well as extramedullary cell activity. In 
addition, menopause results in quite dramatic 
changes in susceptibility to certain diseases such 
as cardiovascular disease. It is complex to tease 
out what drives these changes because of the 
complexity of the cell systems involved and the 
interplay between different cell types. In terms of 
bone turnover, there appear to be effects on the 
development and activity of both osteoblasts and 
osteoclasts.

Data indicate that changes in estrogen status in 
vivo are associated with the secretion of mono-
nuclear cell immune factors in vitro and suggest 
that alterations in the local production of bone-
acting cytokines may underlie changes in bone 
turnover caused by surgically induced menopause 
and estrogen replacement (110). There is now a 
large body of evidence suggesting that the decline 
in ovarian function with menopause is associated 
with spontaneous increases in pro-infl ammatory 
cytokines. The cytokines that have obtained the 
most attention are interleukin (IL)-1, IL-6, granu-
locyte-macrophage colony-stimulating factor 
(GM-CSF), and TNF-α. The exact mechanisms by 
which estrogen interferes with cytokine activity 
are still incompletely known but may potentially 
include interactions of the estrogen receptor with 
other transcription factors, modulation of nitric 
oxide activity, antioxidative effects, plasma mem-
brane actions, and changes in immune cell func-
tion. Experimental and clinical studies strongly 
support a link between the increased state of 
pro-infl ammatory cytokine activity and post-
menopausal bone loss (111).

The production of IL-6 by stromal–osteoblastic 
cells, as well as the responsiveness of bone marrow 
cells to cytokines such as IL-6 and IL-11, is regu-
lated by sex steroids. When gonadal function is 
lost, the formation of osteoclasts as well as osteo-
blasts increases in the marrow, both changes 
apparently mediated by an increase in the pro-
duction of IL-6. These changes may also be due to 
an increase in the responsiveness of bone marrow 
progenitor cells not only to IL-6 but also to other 
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cytokines with osteoclastogenic and osteoblasto-
genic properties. This is supported by both in 
vitro and ex vivo experimental data. Osteoclast 
formation in response to either IL-6 in combina-
tion with the soluble IL-6 receptor or IL-11 is sig-
nifi cantly greater in cultures of bone marrow from 
ovariectomized mice than in cultures from mice 
that have undergone sham operations, even when 
the cultures have the same number of osteoblastic 
support cells and an IL-6 signal of the same mag-
nitude. These fi ndings indicate that not only the 
production of the osteoclast precursors but also 
their responsiveness to IL-6 (and to IL-11) are 
enhanced in a state of estrogen defi ciency.

Studies of the effect of ovariectomy on the for-
mation of osteoblast progenitors in cultures of 
bone marrow suggest that loss of ovarian function 
increased osteoblastic activity. The number of 
fi broblast CFUs is increased several-fold in ovari-
ectomized mice. At this stage there is no mecha-
nistic explanation for the observation that the 
formation of osteoclasts and the formation of 
osteoblast progenitors in the marrow increase 
simultaneously after the loss of ovarian function. 
It has been hypothesized that changes in levels of 
systemic hormones alters the sensitivity of osteo-
blast and osteoclast precursors to several cytokine 
signals by modulating glycoprotein 130 (112). It is 
clear that there is still considerable work to be 
done before we fully understand the control of 
marrow cell development and activity under 
normal physiological condition and after meno-
pause. It will be interesting to understand whether 
sex steroids themselves positively drive activity 
and/or development of osteoclast and osteoblast 
progenitors and menopause results in the removal 
of this activity or, paradoxically, whether gonadal 
steroids inhibit/control bone formation and re -
sorption and menopause results in the relief of 
this repression.

Apoptosis and the Aging Bone

Apoptosis, or programmed cell death, has been 
postulated to act as a cellular mechanism account-
ing for the effects of aging on bone (1) (Table 2.4). 
Apoptosis is initiated by the activation of a pro-
teolytic enzyme cascade, leading to cellular self-
destruction. Unlike cell death caused by necrosis, 

apoptotic cell death is characterized by cell shrink-
age and disintegration without damage to the 
neighboring cells. Pioneering studies by Jilka and 
colleagues demonstrated that cytokines such as 
TNF induced apoptosis in MSC-like cell lines 
in vitro (113). To further address the mechanism, 
Weinstein, Jilka, and colleagues used an in vivo 
murine model to examine the potential apoptotic 
effects of glucocorticoids (114). Chronic treat-
ment with glucocorticoids activated apoptotic 
pathways in osteoblasts and osteocytes of the 
intact bone while reducing osteoblastogenesis 
(114). Additional causes of osteoblast and osteo-
cytes apoptosis have been identifi ed. Thiazolidin-
edione compounds, known ligands for the 
peroxisome proliferator-activated receptor γ 
adipogenic transcription factor, stimulated osteo-
blast and osteocytes apoptotic events when 
administered to mice (115). In rodents maintained 
under conditions simulating weightlessness, there 
was a rapid increase in the number of apoptotic 
osteoblasts within the bone; this was followed by 
increased numbers of osteoclasts and bone resorp-
tion (116). The addition of AGEs to cultures of 
human MSCs led to increased numbers of apop-
totic cells, and this correlated with a reduced 
capacity for differentiation (117).

A number of agents antagonize apoptosis in 
osteoblasts and osteocytes. Endocrine factors 
such as parathyroid hormone and calcitonin 
increased bone formation by protecting osteo-
blasts from apoptosis in rodent models (118,119). 
Similar actions are displayed by the active form of 

TABLE 2.4. Cellular Apoptosis in the Marrow Microenvironment

Cell type Agonists Antagonists

Osteoblast/Osteocyte Glucocorticoids and 
thiazolidinediones

Bisphosphonates, 
1,25(OH)2D3, 
calcitonin

AGE α-Linoleic acid
TNF CD40 ligand
Weightlessness TGF-β, IL-6, PTH

Osteoclasts Bisphosphonates
β 3 integrin

Adipocytes CLA Glucocorticoids
TNF
Retinoic acid

AGE, advanced glycated end product; TNF, tumor necrosis factor; TGF, 
transforming growth factor; IL, interleukin; PTH, parathyroid hormone; 
CLA, conjugated linoleic acid.
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vitamin D (1,25(OH)2D3) (120) and cytokines 
including TGF-β and those acting through the 
gp130 receptor pathway, such as IL-6 and 
oncostatin M (113). Pharmaceutical agents such 
as the bisphosphonates exert anti-apoptotic effects 
on osteoblasts through mechanisms involving the 
extracellular signal-regulated kinases (ERKs) and 
the connexin43 channel (120). Likewise, lipids 
such as α-linoleic acid blocked apoptosis in 
human bone marrow-derived MSCs exposed to 
TNF-α or hydrogen peroxide (121). It appeared 
that the α-linoleic acid prevented the generation 
of reactive oxygen species and subsequent activa-
tion of the NFκB and c-jun N-terminal kinase 
pathways (121). Finally, because osteoblasts 
express the TNF receptor-related surface protein 
CD40, interaction with the CD40 ligand serves to 
protect them from apoptosis initiated by a variety 
of agents, including glucocorticoids, TNF-α, and 
proteasomal activators (122).

Despite these fi ndings, without apoptosis, bone 
formation may be impaired. Studies of mice defi -
cient in the enzyme caspase-3, critical to the apop-
totic cascade, found that they displayed reduced 
bone formation in vivo and reduced bone marrow-
derived MSC differentiation in vitro (123). These 
fi ndings could be mimicked using a caspase-3 
inhibitor in wild-type mice (123). Biochemical 
studies implicated the TGF-β/Smad signal trans-
duction pathway as the underlying mechanism 
(123). Independent studies created a transgenic 
mouse over-expressing the bcl2 anti-apoptotic 
protein under an osteoblast-selective promoter 
(124). Although the osteoblasts isolated from the 
transgenic bone were resistant to glucocorticoid-
induced apoptosis, the cells displayed reduced 
mineralization. The transgenic mice were smaller 
than their wild-type littermates (124). Thus, osteo-
blastic apoptosis is a complex phenomenon that 
may have both positive and negative effects on 
bone formation.

Apoptotic events infl uence the activity of other 
cell types within the bone marrow microenviron-
ment. Osteoclasts undergo apoptosis in response 
to bisphosphonates or in the absence vitronectin, 
the natural ligand for α3β1 integrin (125,126). 
Bisphosphonates are the accepted standard of 
care for the treatment of osteoporosis in the 
elderly. Whereas few, if any, studies have been 
performed on bone marrow-derived adipocytes, 

evidence from extramedullary adipocytes indi-
cates that they are relatively resistant to apoptotic 
stimuli caused by induced levels of bcl2 (127). 
Nevertheless, adipocytes undergo apoptosis in 
response to TNF-α (128), although this occurs in 
a depot-specifi c pattern; adipocytes from omental 
fat were more susceptible than those from sub-
cutaneous fat (129). The relative apoptotic sen-
sitivity of bone marrow adipocytes has not been 
reported. Additional agents exert apoptotic 
actions on adipocytes, including CLA, retinoic 
acid, botanical extracts, and cytokines acting 
through the gp130 receptor (95,130,131). Some 
investigators postulate that pharmaceutical agents 
and/or functional foods targeting the adipocyte 
apoptotic pathway will have the combined benefi t 
of reducing obesity while improving bone growth 
by reducing bone marrow adipogenesis and 
enhancing osteoblast function (131).
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3
Calciotropic Hormones
E. Paul Cherniack and Bruce R. Troen

The calcium—vitamin D—parathyroid hormone 
(PTH) system plays a critical role in both health 
and disease. Despite longstanding acceptance of 
its importance in maintaining the skeleton, recent 
and accumulating data have signifi cantly enhanced 
our understanding of the pathophysiology of cal-
ciotropic hormones in the setting of osteoporosis. 
Herein we review this information and make rec-
ommendations based on these studies.

Calcium

Calcium is one of the most abundant inorganic 
elements in the human body. The physiologic 
roles of calcium in the body are twofold. Firstly, 
calcium provides structural integrity to the skele-
ton. In addition, in the extracellular fl uids and in 
the cytosol, the calcium concentration is critical 
to many biochemical processes, and these include 
hormone and enzyme secretion, neurotransmis-
sion, muscle contraction, blood clotting, and gene 
expression (1). Therefore, calcium concentrations 
are tightly regulated.

Calcium is absorbed from the small intestine 
and kidney via both vitamin D-dependent and 
-independent pathways (Figure 3.1). When cal -
cium is abundant, vitamin D-independent mecha-
nisms are predominant. When calcium is scarce, 
vitamin D-dependent pathways are primarily uti-
lized (1,2). There is an age-related decrement in 
calcium absorption, and this appears in part to be 
caused by widespread vitamin D insuffi ciency and 
frank defi ciency (3). However, calcium absorption 
also declines in post-menopausal women inde-

pendent of 25-hydroxycholecalciferol (25(OH) 
vitamin D) and PTH levels (4).

Vitamin D

Vitamin D is an important multi-purpose steroid 
hormone that plays an essential role in humans 
in the maintenance of bone, muscle, immunity, 
metabolic signaling, and protection against car-
diovascular disease and neoplasms. The action of 
vitamin D on bone is complex. Vitamin D regu-
lates osteoblast differentiation and stimulates 
expression of alkaline phosphatase (AP) and 
bone matrix proteins (1,2,5). Vitamin D also 
stimulates osteoclast formation via cellular in -
teraction with osteoblasts and osteoclast cell 
precursors (6). Whereas vitamin D indirectly 
stimulates osteoclast formation, it also enhances 
gastrointestinal calcium absorption, promotes 
mineralization, and inhibits PTH-induced bone 
resorption (1,2,5).

In humans, sunlight exposure is necessary for 
the precursor of vitamin D, 7-dehydrocholesterol, 
which is obtained from the diet, to be converted 
into pre-vitamin D3, which is quickly isomerized 
into vitamin D3 (cholecalciferol) (Figure 3.2). 
Cholecalciferol is subsequently hydroxylated in 
the liver to 25-hydroxycholecalciferol (25(OH) 
vitamin D) by the mitochondrial enzyme 
CYP27A1 and again in the kidney to 1,25-
dihydroxycholecalciferol (calcitriol) by the 1-α 
hydroxylase, CYP27B1 (1,7). Calcitriol is the 
activated form of vitamin D and exerts its effects 
by directly binding to the vitamin D receptor (3). 
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Low calcium stimulates the 1-α hydroxylation of 
25-hydroxycholecalciferol by CYP27B1. Abun-
dant calcium stimulates the enzymatic conversion 
of 25-hydroxycholecalciferol to 24,25-(OH)2D3 
and 1,25-dihydroxycholecalciferol to 1,24,25-
(OH)3D3 by CYP24. Conversely, increases in 1,25-
dihydroxycholecalciferol inhibit and up-regulate 
the action of CYP27B1 and CYP24, respectively. 
Therefore, calcium and calcitriol work in opposi-
tion to regulate both the increased production of 
calcitriol and its metabolic degradation (3,8).

The amount of sunlight capable of causing a 
mild sunburn stimulates the production and 
release into the circulation of 10,000 to 20,000 IU 
of vitamin D in the following 24 hours (9). But this 
requires exposure of large parts of the body such 
as the thorax and legs, not just smaller surface 
areas such as the face, neck, and arms (10). Because 
the production of vitamin D depends upon the 
extent of ultraviolet (UV) exposure, people with 
darker skin require longer exposure than do those 
with lighter skin (11,12). Furthermore, the skin 
of older individuals (age 77–82) produces less 
than one-half of the cholecalciferol precursor, 7-
dehydrocholesterol, than does the skin of younger 
individuals (age 8–18) (13). Many elderly indi-
viduals consume suboptimal amounts of vitamin 
D and calcium (14,15). There are relatively few 
dietary sources of vitamin D, and they include 
fortifi ed milk and orange juice, and salmon and 
other fatty fi sh. Vitamin D is well absorbed from 
the small intestine through a bile-dependent 
mechanism. However, defi cient consumption of 

dairy products, and high intake of high-protein, 
low calcium-containing foods has been implicated 
as factor for lack of calcium intake (16,17). Lactose 
intolerance and low socioeconomic status also 
appears to contribute to poor calcium intake 
(18,19). Therefore, decreased vitamin D produc-
tion and consumption act in concert to predis-
pose to hypovitaminosis D.

A surprisingly large percentage of the popula-
tion has inadequate vitamin D levels (20). Frank 
defi ciency is below 10 ng/mL (25 nmol/L), but 
levels of 25(OH) vitamin D below 30 ng/mL 
(75 nmol/L) are now considered to be insuffi cient 
(21). As many as 40–90% of the elderly have 
25(OH) vitamin D levels below 30 ng/mL (22–27). 
The level of 25(OH) vitamin D can vary as much 
as 40% between the summer and winter seasons, 
most likely owing to the seasonal changes in sun 
and UV exposure (28). There is widespread 
vitamin D insuffi ciency even in climates with 
ample amounts of sunlight; however, cultural 
norms dictate clothing coverage, thereby dimin-
ishing UV radiation-induced production of 
vitamin D (29–32). In one study, there was no dif-
ference between veiled and unveiled women (33). 
However, approximately 80% in both groups had 
25(OH) vitamin D levels below 40 nmol/L.

Lower vitamin D levels are more common 
among blacks, and blacks have lower bone 
mineral densities for given vitamin D levels than 
whites (34–36). In the NHANES III, 53–76% of 
non-Hispanic blacks were found to have 25(OH) 
vitamin D levels below 50 nmol/L versus 8–33% of 

FIGURE 3.1. Calcium homeostasis (1).

FIGURE 3.2. Vitamin D metabolism (Adapted from [1]).
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non-Hispanic whites. Many African Americans do 
not achieve 25(OH) vitamin D levels of at least 
30 ng/mL at any time of the year. Median vitamin 
D intakes are 6–31% lower than other racial 
groups, and there is decreased consumption of 
dairy products and fortifi ed cereals. A recent 
study in which African American women were 
supplemented up to 2000 IU of vitamin D a day 
did not improve their bone mineral densities, 
although their mean 25(OH) vitamin D levels 
increased from 46.9 nmol/L to 70.8 nmol/L (37).

The spectrum of vitamin D defi ciency disease 
in the skeleton ranges from rickets, at the lowest 
vitamin D levels, to more insidiously developing 
disease, such as osteoporosis, at higher but still 
suboptimal levels. The entire range of pathology 
caused by hypovitaminosis D has been termed 
“hypovitaminosis D osteopathy (HVO)” (38,39). 
Initially described by Michael Parfi tt, there are 
three progressive stages (38). In the least severe, 
lack of vitamin D results in calcium malabsorp-
tion, elevation of PTH level occurs to increase 
calcium absorption, and osteoporosis occurs, with 
bone remodeling and loss of osteoporosis. In a 
second and more severe stage, continued lack 
of calcium and bone remodeling create the 
histologic changes of osteomalacia. In the most 
extreme state of defi ciency, bone remodeling 
ceases and the clinical manifestations of rickets 
are present (39).

For over a decade, studies have reported that 
supplementation with vitamin D and calcium 
reduce fracture risk, falls, and improve balance 
(40–42). Vitamin D is well known to play a role in 
maintaining skeletal integrity, regulating calcium 
entry via receptors in bone and small intestine 
(43–45). In several studies in which vitamin D in 
community-dwelling elderly was supplemented, a 
10–30% reduction in non-vertebral fracture inci-
dence was noted over several years (46,47). A 
study of 389 ambulatory elderly individuals sup-
plemented daily with 700 IU of vitamin D and 
500 mg of calcium observed an approximately 
68% lower non-vertebral fracture risk after 3 years 
(46). More than 3000 healthy older individuals 
(mean age 84) who received 800 IU of cholecal-
ciferol and 1.2 g of calcium for 1.5 years experi-
enced a 43% lower incidence of hip fracture and 
a 32% lower incidence of non-vertebral fractures 
(48). These benefi ts were confi rmed in a separate 

2-year study of 583 ambulatory institutionalized 
women, showing that the same doses of calcium 
and vitamin D reduced hip fracture by 40% (49). 
However, when 800 IU of cholecalciferol was pro-
vided to more than 8000 older individuals with a 
previous history of fracture or risk factors for 
fracture in two trials lasting 2–5 years, fracture 
incidence was not reduced (50,51). However, 
compliance rates were 56 and 60%, and in only a 
small percentage of subjects were 25(OH) vitamin 
D levels assessed. Possible explanations for 
varying results include inadequate replacement of 
vitamin D, different baseline levels of vitamin D 
in the populations studied, and differences in the 
populations studied—particularly with respect to 
baseline bone mineral density, fall predisposition, 
and adherence to the regimen. Furthermore, 
neither study was powered suffi ciently to detect 
decreases in fracture incidence less than 30%. A 
meta-analysis concluded that 700–800 IU of 
vitamin D per day signifi cantly reduced vertebral, 
non-vertebral, and hip fractures, whereas 400 IU 
per day did not (52). In the recent Women’s Health 
Initiative study, 500 mg calcium and 400 IU of 
vitamin D per day was shown to reduce hip frac-
ture in community-dwelling women (odds ratio 
[OR] 0.71: confi dence interval [CI] 0.52–0.97) who 
took more than 80% of the doses (53).

The role of vitamin D in fracture risk extends 
beyond bone; it appears to enhance physical per-
formance through an effect on extraskeletal tissues 
(54). Vitamin D receptors are found in muscle, 
although their expression decreases with age (43). 
Higher serum levels of 25-OH vitamin D are cor-
related with better leg function as assessed by a 
timed walk test and a repeated sit-to-stand test 
(54). Vitamin D supplementation reduces falls in 
subjects who maintain a minimum calcium intake 
(40,41). A meta-analysis of the effect of vitamin D 
in 1237 subjects revealed a 22% reduced risk of 
falls, with a number needed to treat of only 15 
(40). A dose of 700–800 IU vitamin D per day sig-
nifi cantly reduced falls, whereas 400 IU per day 
did not, although a study in community-dwelling 
Danish individuals demonstrated a fall reduction 
with 1000 mg of calcium carbonate and 400 IU 
vitamin D per day (41). In elderly Australians in 
residential care, 1000 IU ergocalciferol (vitamin 
D2) per day signifi cantly reduced falls, with a 
number needed to treat of only 12 (55). This 
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benefi t was more pronounced in compliant in -
dividuals. Interestingly, fracture rates were not 
reduced.

Vitamin D supplementation also improves 
balance. When more than 100 subjects whose 
25(OH) vitamin D levels were found to be less 
than 30 nmol/L were supplemented with a single 
dose of 600,000 IU of ergocalciferol, postural sway 
improved (56). Furthermore, 242 disease-free 
elderly Germans who were supplemented with 
800 IU vitamin D and 1000 mg calcium daily for 1 
year exhibited less body sway than those who 
received calcium alone (57). The subjects who 
received vitamin D also had greater quadriceps 
strength. In a survey of 4100 ambulatory individu-
als age 60 and higher, 25(OH) vitamin D levels 
below 60 nmol/L were correlated with reduced 
walking speed and increased time to stand from a 
seated position (54). Vitamin D levels were also 
positively correlated with neuromuscular perfor-
mance tasks in a longitudinal survey of 1300 
elderly individuals (58). However, the effect of 
vitamin D supplementation on parameters of 
physical performance is not unequivocal. A dose 
of 1000 U of cholecalciferol per day failed to 
improve upper and lower extremity strength and 
power in older men (59), and a systematic review 
found no improvement in muscle strength with 
vitamin D supplementation using a variety of 
preparations and doses (60). A recent trial 
observed no reduction in falls or fractures in 
nursing home residents given 100,000 IU of ergo-
calciferol orally every 3 months (61). However, the 
serum 25(OH) vitamin D levels of one-half of the 
ergocalciferol recipients remained below 74–
82 nmol/L. Again, possible explanations for the 
lack of effect of vitamin D in some investigations 
include inadequate dose of vitamin D used, varia-
tion in baseline vitamin D level, differences in 
medication compliance, and (in the case of mea-
surements of muscle strength) inadequate choice 
of assessment parameters (62).

A large and growing number of studies link 
vitamin D levels to many other physiological pro-
cesses and pathologies beyond the musculoskele-
tal system (Figure 3.3). There is signifi cant 
epidemiological evidence that implicates hypovi-
taminosis D in the development and progression 
of malignancies of the prostate, breast, colon, 
ovary, and hematopoietic system (3,63,64). Many 

of these observations are based upon the correla-
tion between available levels of sunlight and UV 
exposure with the incidence and prevalence of 
cancer. As long ago as 1941, it was reported that 
overall death rates owing to cancer were greater 
in northern latitudes (65). Garland et al. renewed 
interest in this phenomenon in 1980 when they 
showed that mortality owing to colon cancer was 
much greater in the northeastern United States 
than in southern states (66). The risk of develop-
ing and dying from 17 cancers is related to living 
at higher latitudes, receiving less UV exposure, 
and being more at risk of vitamin D defi ciency 
(3,67,68). These cancers include bladder, breast, 
colon, esophageal, gastric, ovarian, prostate, 
rectal, renal, uterine cancer, non-Hodgkins lym-
phoma, cervical, gall bladder, laryngeal, oral, 
pancreatic, and Hodgkin’s lymphoma.

The underlying pathophysiology of these malig-
nancies is very likely related to expression of 1-α 
hydroxylase in many peripheral tissues and cells 
and their ability therefore to metabolize 25-
hydroxy-vitamin D into 1,25-dihydroxy-vitamin 
D (calcitriol), which is the active form of vitamin 
D (69,70). Consequently, vitamin D acts as an 
autocrine hormone in many extra-renal tissues 
(71). Colon cancer cells, in vitro, metabolize 
vitamin D (72). Vitamin D has been demonstrated 
to induce apoptosis in breast cancer cells in vitro 
(73). Low vitamin D levels and vitamin D receptor 
polymorphisms have been associated with breast 
cancer (74), and in one investigation, vitamin D 
intake was inversely correlated with the presence 
of densities found on mammograms (75). Poly-
morphisms in the vitamin D receptor gene 
are also correlated with prostate cancer risk and 

FIGURE 3.3. Biologic functions of vitamin D (3).
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melanoma (76). Vitamin D may also be directly 
involved in the pathogenesis of skin cancer. 
Vitamin D induces the differentiation of keratino-
cytes, and neoplastic cells overexpress a coactiva-
tor induced by the binding of vitamin D to its 
receptor (77). Interestingly, sun exposure may 
increase survival after diagnosis of melanoma and 
may also improve outcomes in cancers of the 
breast, colon, and prostate and in Hodkgins 
lymphoma (78).

Vitamin D plays a role in insulin signaling, sar-
copenia, infl ammation, and the pathogenesis of 
diabetes and cardiovascular disease (79,80). Serum 
levels of 25(OH) vitamin D are inversely corre-
lated with glucose levels and are inversely corre-
lated with insulin sensitivity (81). Obese individuals 
exhibit decreased bioavailability of vitamin D as 
evidenced by diminished 25(OH) vitamin D levels 
in response to either UV exposure or oral supple-
mentation (82). Body fat percentage is inversely 
correlated with 25(OH) vitamin D levels and 
directly correlated with PTH levels (83). Lower 
vitamin D levels increase the risk for metabolic 
syndrome and are inversely correlated with hyper-
glycemia, hypertension, hypertriglyceridemia, 
abdominal obesity, and low high-density lipopro-
tein (HDL) cholesterol (79). Furthermore, low 
vitamin D levels and high PTH levels have been 
correlated with sarcopenia in a cohort of elderly 
individuals (84), and low levels of 25(OH) vitamin 
D are a predictor of nursing home admission (85). 
Immune cells such as T-lymphocytes, macro-
phages, and antigen-presenting cells express 
vitamin D receptors (86,87). Vitamin D prevents 
antigen-induced progression in the T cell growth 
cycle, regulates T cell proliferation, and infl uences 
the expression of multiple cytokines that regulate 
immune cell signaling and responses, such as 
interleukin (IL)-2, IL-10, and interferon-γ (87). 
Hypovitaminosis D also predisposes to the devel-
opment of autoimmune diseases such as multiple 
sclerosis (88) and type I diabetes (89). In addition, 
vitamin D plays a critical role in mediating anti-
microbial responses of macrophages (90).

Vitamin D also exerts cardiovascular effects. A 
group of 148 women (mean age 74) who had 
25(OH) vitamin D levels below 50 nmol/L and 
blood pressures no greater than 180/95 were sup-
plemented with 800 IU of vitamin D and 1200 mg 
of calcium for 8 weeks. Individuals who received 

both vitamin D and calcium experienced a 9.3% 
reduction in systolic blood pressure without a 
drop in diastolic blood pressure (91). Low vitamin 
D levels and elevated PTH levels have been found 
to be higher in subjects with congestive heart 
failure than in controls (92,93).

PTH

PTH is an 84 amino acid polypeptide that main-
tains normal extracellular calcium through its 
action on the bone, kidney, and the intestines 
(Figure 3.4). PTH is released from the parathyroid 
gland in response to insuffi cient calcium and 
estrogens, and its release is suppressed by vitamin 
D and phosphate loss (1). Its action on bone is 
complex. PTH acts on osteoblasts to modulate the 
expression of a variety of growth factors, includ-
ing insulin-like growth factor (IGF)-1, transform-
ing growth factor (TGF)-β1 and TGF-β2, as well 
as IL-6 (94,95). Persistent elevation of PTH stimu-
lates osteoclast formation, in part via enhancing 
the expression of receptor activator of NFκB 
(RANK) ligand by osteoblasts, which plays a criti-
cal role in the differentiation and activation of 
osteoclasts (96). This, in turn, leads to osteoclastic 
bone resorption, and the release of calcium from 
the skeleton (97). Historically, PTH has long been 
conceived of as a catabolic agent that contributes 
to bone destruction and loss of bone mineral 
density. However, the normal physiologic role of 
PTH depends upon its intermittent secretion and 
subsequent action as an anabolic agent (97). As 
long ago as 1980, Reeve et al. reported that inter-
mittent injection of exogenous PTH in humans 
stimulated signifi cant new bone formation (98). 
Daily subcutaneous injection of PTH increases 
lumbar spinal and femoral bone mineral density 
both in post-menopausal women and in men 
with osteoporosis (99,100). PTH reduces vertebral 
and non-vertebral fractures in post-menopausal 
women (99). PTH treatment can also reverse the 
loss of bone in glucocorticoid-induced osteoporo-
sis in post-menopausal women (101). Unlike anti-
resorptive therapies such as estrogen, raloxifene, 
bisphosphonates, and calcitonin, which inhibit 
bone resorption, PTH stimulates new bone for-
mation. PTH enhances bone quality and bone 
strength by increasing trabecular connectivity 
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(102) and the cross-sectional area of the bone 
(103). Furthermore, PTH stimulates deposition of 
bone in appropriate locations in the skeleton, on 
those surfaces that are subject to mechanical 
forces (104). Therefore, new bone is formed where 
it is needed. PTH has multiple actions on the 
kidney. It causes retention of calcium by the corti-
cal thick ascending limbs, and the distal convo-
luted collecting and connecting tubules. PTH also 
stimulates the 1-α hydroxylation of vitamin D, 
and excretion of phosphate (1). In addition, PTH 
stimulates DNA synthesis in intestinal enterocytes 
and increases the infl ux of calcium.

The relationship between PTH and vitamin D 
is important in the pathogenesis of HVO, but 
complex. Numerous studies imply that individu-
als who have lower vitamin D levels have higher 
PTH levels (20,23,105–107). With progressive 
increase in 25(OH) vitamin D levels, there appears 

to be a plateau in the suppression of PTH that 
occurs at approximately 75–90 nmol/L 25(OH) 
vitamin D (20,23,107–109). This suggests that 
vitamin D is physiologically replete at these levels 
and above. However, Vieth et al. observed no 
plateau as 25(OH) vitamin D levels increased 
(105). Kudlacek et al. found that 25(OH) vitamin 
D levels were inversely correlated with PTH levels 
and that PTH levels exhibited a signifi cant age-
related increase (27). For any given level of 
25(OH) vitamin D, older subjects exhibit greater 
levels of PTH (110). Older adults require 25(OH) 
vitamin D levels of greater than 100 nmol/L to 
suppress PTH to the same degree observed in 
younger subjects with 25(OH) vitamin D levels 
near 70 nmol/L (105). Other causes of secondary 
hyperparathyroidism include declining renal 
function, estrogen defi ciency, and low calcium 
intake (111).

FIGURE 3.4. Parathyroid hormone (Adapted from [1]).
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Sahota et al. found that only one-half of patients 
with hip fractures and a 25(OH) vitamin D level 
below 30 nmol/L exhibited secondary hyperpara-
thyroidism (112). They characterized the remain-
ing patients with hypovitaminosis D and low or 
normal PTH levels as having “functional hypo-
parathyroidism,” and these individuals had 
greater hip bone mineral density and fewer extra-
capsular fractures than did those with elevated 
PTH levels. In a second group of subjects with 
established vertebral osteoporosis, Sahota et al. 
found that of the 39% with 25(OH) vitamin D 
levels no greater than 30 nmol, only one-third 
exhibited secondary hyperparathyroidism (113). 
The two-thirds of the vitamin D insuffi cient/defi -
cient patients who did not have an elevated PTH 
had a lower mean serum calcium and reduced 
bone turnover than those with elevated PTH 
levels. Deplas et al. found that less than one-third 
of patients with hypovitaminosis D exhibited sec-
ondary hyperparathyroidism (114). And in two 
additional investigations, less than one-half the 
patients who had both fractured their hip and 
were hypovitaminotic D had an elevated PTH 
(115,116). In these subjects, PTH level did not 
inversely correlate with vitamin D level. Conse-
quently, the feedback sensitivity of the vitamin 
D-PTH axis appears to be reduced with aging 
and/or disease. It is possible that a concomitant 
magnesium defi ciency plays a role in altering the 
response of PTH to hypovitaminosis D (117). It is 
unclear what the implications are for these two 
distinct populations of elderly patients with 
vitamin D defi ciency (high and low PTH) regard-
ing the pathogenesis of osteoporosis and its 
treatment.

These data suggest that caution may need to be 
exercised in using PTH as an indicator of vitamin 
D status, because the PTH response to hypovita-
minosis and possibly even frank vitamin D defi -
ciency may vary. Do these data mean that PTH is 
not a useful indicator of vitamin D status? No. It 
is widely accepted that PTH levels are, in general, 
inversely correlated with 25(OH) vitamin D levels. 
Instead, it may be prudent to assess the sup-
pression in PTH in response to vitamin D supple-
mentation by measuring both the pre- and 
post-treatment levels. However, controversy exists 
on the utility of measuring PTH to determine 
vitamin D repletion. Heaney strongly asserts that 

decreasing PTH levels will plateau when 25(OH) 
vitamin D levels begin to reach a physiologically 
optimal value (118), whereas Vieth argues that 
PTH levels continue to decline as 25(OH) vitamin 
D levels increase (119).

Calcium intake also infl uences the relationship 
between PTH and vitamin D at lower vitamin D 
levels. A study 2310 healthy individuals from 
Iceland observed that at very low serum 25(OH) 
vitamin D levels (<10 ng/mL), persons with lower 
calcium intakes had higher PTH levels (120). 
However, at higher vitamin D levels, calcium 
intake did not signifi cantly infl uence PTH. The 
action of PTH may exhibit gender-related differ-
ences. Both men and women experience age-
related increases in PTH. However, there is 
evidence that the bones of elderly women are 
more sensitive to resorption-caused PTH than 
younger women. When elderly women receive an 
infusion of calcium, which suppresses their PTH, 
there is a greater increase in markers of bone 
turnover (urine n-telopeptide) than in younger 
women (121). When calcium infusions are given 
to men, there is no difference in the response of 
the bones of younger and older men to the sup-
pression of PTH (122). These differences may be 
explained by the difference in sex steroid levels 
between men and women (122). Nevertheless, 
after controlling for age, Blain et al. still found 
that an increased level of PTH was the most 
important predictor of bone loss in men (123).

Calcitonin

The C cells of the thyroid manufacture and release 
calcitonin, which has multiple effects on body 
calcium (1). Calcitonin is secreted when serum 
calcium is high, and suppressed when calcium is 
diminished (124). Calcitonin may have actions on 
other systems such as the reproductive, central 
nervous, renal, respiratory, and gastrointestinal 
system, but not all its actions are known (1,124). 
Calcitonin prevents bone resorption, and can be 
stimulated by PTH. It inhibits osteoclast action 
and can cause apoptosis (125). One-half of all thy-
roidectomized men developed osteopenia in one 
study, and they exhibited lower serum calcium 
and higher PTH levels than control subjects (126). 
However, the physiologic role of calcitonin is 
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uncertain. There are no known pathologic states 
in humans that result from surplus or defi cient 
calcitonin (125). Recent data strongly implicate 
calcitonin in maintaining bone integrity during 
excessive resorption during lactation (127). 
However, with that exception, calcitonin does not 
appear to signifi cantly contribute to normal skel-
etal homeostasis or pathophysiology.

Conclusion

What is the best marker to assess adequate vitamin 
D supplementation? Thus far, studies have used 
25-OH vitamin D and PTH. Is there a single 
marker or should several be assessed? Might other 
measures be needed? Potentially, these might 
include measurements of handgrip, hip or leg 
strength, mobility and balance tests, or quality of 
life instruments. Further investigation will deter-
mine what other markers might prove sensitive, 
specifi c, and cost-effective. Many important ques-
tions remain to be answered about the role of 
vitamin D in the preservation of health for the 
elderly. What should be the optimum recom-
mended daily and maximum recommended 
vitamin D intake for elderly individuals? There is 
a growing consensus that vitamin D recommended 
daily intakes for the elderly are far too low, and 
that all individuals should take as much vitamin 
D as needed to raise levels to between 80 to 
100 nmol/L (3,68,128). Moreover, supplementa-
tion will be necessary, because diet and sunlight 
alone are inadequate sources of vitamin D (9).

How much vitamin D (cholecalciferol) should 
be taken? The present Food and Drug Administra-
tion recommended daily intake of vitamin D is 
400 IU for those age 51–70 and 600 IU for those 
over age 70, whereas the National Osteoporosis 
Foundation recommends between 400–800 IU per 
day. However, increasing evidence supports the 
necessity for daily doses signifi cantly above these 
levels to achieve levels of vitamin D of 75 nmol/L 
and higher (68). Cholecalciferol 100,000 IU orally 
every 4 months signifi cantly reduced fractures 
(47). A once-yearly intramuscular injection of 
600,000 IU of cholecalciferol increased 25(OH) 
vitamin D levels to greater than 50 nmol/L in all 
subjects, raised average levels to 73 nmol/L after 
12 months, normalized PTH levels in two-thirds 

of those with secondary hyperparathyroidism, 
and was well tolerated with only mild hypercalce-
mia in 4% of recipients (129). Cholecalciferol 
supplementation is generally very safe and without 
toxicity in the absence of primary hyperparathy-
roidism, even with as much as 10,000 IU per day 
(130). There are no adverse effects with concen-
tration of 25(OH) vitamin D less than 140 nmol/L 
(130), and there is evidence that increasing levels 
of 25(OH) vitamin D up to 120 nmol/L is corre-
lated with increased bone mineral density in both 
non-Hispanic whites and in Mexican Americans 
(35). Furthermore, it is possible that vitamin D 
repletion is necessary for optimal anti-resorptive 
therapy, as a preliminary report found poorer 
response to alendronate in post-menopausal 
vitamin D with 25(OH) vitamin D levels less than 
37.5 nmol/L (131). As much as 2600 IU per day of 
vitamin D may be necessary to insure that 97% of 
the population is vitamin D replete (21), and more 
may be needed in the elderly. Indeed, two prelimi-
nary reports in the frail elderly show that doses of 
1500–5000 IU per day of cholecalciferol are needed 
and can be administered without danger of hyper-
calcemia (132,133). The key is to monitor the 
response to supplementation by obtaining 25-
hydroxyvitamin D levels every 3–4 months.

Because the incidence of osteoporosis differs 
by gender, age, and race, future studies are 
needed to more clearly establish the best diagnos-
tic and supplementation approaches to hypovita-
minosis D for different populations. In the 
meantime, a heightened awareness of the widely 
prevalent vitamin D insuffi ciency will permit us 
to more actively intervene and to raise and main-
tain 25(OH) vitamin D levels at a minimum of 
75 nmol/L.
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4
Sex Steroids and Aging Bone
Jane A. Cauley

Introduction

Sex steroids play key roles in the development 
and maintenance of the skeleton in both men 
and women. Historically, it was thought that sex 
steroids were gender-specifi c: estrogen was 
important for women and testosterone for men. 
However, research over the past decade has 
demonstrated a key role for estrogen in main-
taining skeletal integrity in men. Thus, a unitary 
model for involutional osteoporosis has been 
proposed (1) that identifi es estrogen defi ciency 
as a cause of the accelerated phase of bone loss 
in women and the slower age-related phase of 
bone loss in both men and women. It is also 
likely that androgens play a role, although evi-
dence supporting their role is stronger in labora-
tory and clinical experiments than in population 
studies.

In this chapter, the evidence supporting a role 
for sex steroids in maintaining the skeleton into 
old age is reviewed. The focus is on both estrogen 
and testosterone in men and women from an epi-
demiologic perspective.

Methodologic Issues

It is important to acknowledge the diffi culty in 
evaluating this literature. Older hormone assays 
lacked suffi cient sensitivity to be reliable. Most 
estradiol assays were originally developed for 
pre-menopausal women and lack the sensitivity 
to measure the very low levels that are typical 
of post-menopausal women. These assays could 

discriminate pre-from post-menopausal women, 
but could not discriminate between post-meno-
pausal women with very low levels. Measurements 
in pre-menopausal need to be standardized 
across the menstrual cycle. In the Study of 
Women’s Health Across the Nation (SWAN), we 
used a standard protocol that specifi ed that the 
blood be obtained in the 2- to 5-day window of 
the early follicular phase of the menstrual cycle. 
However, in women with irregular menstrual 
cycles or in women who were beginning to transi-
tion into menopause, this standardization was 
increasingly diffi cult. Whether or not the sample 
was drawn according to the protocol infl uenced 
our results (2).

Two major methods are used to measure estra-
diol: indirect and direct immunoassays. Indirect 
assays typically include an initial extraction step 
before the radioimmunoassay (RIA). In contrast, 
direct assays do not involve extraction. A recent 
study compared four direct assay and three 
indirect assay methods and found that indirect 
estradiol assays correlated more highly with mass 
spectrometry (3). The extraction step in indirect 
assays removes cross-reacting substances that 
interfere with the assay. Mass spectrometry is the 
reference standard for measuring both male and 
female sex hormones (4,5). Newer approaches to 
the assessment of sex steroids specifi cally using 
mass spectrometry have been developed to reduce 
or eliminate interfering substances and now serve 
as the reference methods for sex steroid assays 
(6,7). However, until these methods are widely 
available, extraction-based indirect methods are 
preferable.
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In addition, the biosynthesis of androgens and 
estrogens is complex, and it differs in men and 
women, as well as in pre-and post-menopausal 
women. Many enzymes are involved in the pro-
duction and metabolism of steroid hormones (8). 
Androgens and estrogens are correlated. In post-
menopausal women and men, androgens serve as 
the major precursor to estradiol. Free unbound 
and bioavailable hormone levels (the portion 
loosely bound to albumin) are highly correlated 
with each other and to the total hormone concen-
tration. Nevertheless, most fi ndings are generally 
stronger for the bioavailable hormone. Finally, in 
most studies, a single concentration of estrogen 
or testosterone is available and the within-person 
variability in the hormone concentration will 
lead to some misclassifi cation and weaken the 
fi ndings.

Sex Steroids and Age

Testosterone and estradiol levels, especially the 
free or bioavailable fractions, decline with increas-
ing age in both men and women. This decline may 
lead to some of the most important sequels of 
aging. In addition to skeletal strength, the decline 
in sex steroids could relate to declines in physical 
function, as well as changes in cognition and 
quality of life.

Using sex steroid data from the Mayo Clinic, 
(data chosen because results are derived from 
the same laboratory), differences in total and 
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FIGURE 4.1. Total and bioavailable testosterone by age: men and women.

bioavailable testosterone and estradiol by gender 
across ages is shown in Figures 4.1 and 4.2 (9,10). 
Testosterone levels are higher in men than women 
at every age group. As expected, younger pre-
menopausal women have higher estradiol levels 
than younger men, but this trend is reversed 
among the older women. Total estradiol levels 
are 76% higher, and bioavailable estradiol levels 
are almost three-fold higher on average, in older 
men than in older women. In these data, the 
greatest declines were observed in the bioavail-
able fraction and not the total hormone. Never-
theless, there may be substantial individual 
variability in the age-related decline in sex steroid 
hormones (11), suggesting that targeting risk 
factors that contribute to the decline could 
prevent fractures.

Sex Steroids and 
Bone Mineral Density (BMD)

Serum estrogen measures have been consistently 
linked with appendicular and axial BMD mea-
sures in post-menopausal women (12–21). The 
strongest associations were observed for bio-
available estradiol. However, in pre-menopausal 
women, total estradiol and bioavailable estradiol 
were unrelated to BMD at the hip (13) or 
spine (22). The strongest hormonal predictor 
of BMD in pre- and early peri-menopausal 
women was follicle-stimulating hormone (FSH) 
levels.
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The association between testosterone and BMD 
in older post-menopausal women is less consistent, 
with some reports showing associations with one 
BMD site and not others (14,17,18) or free testoster-
one and not total testosterone (14,16). In contrast to 
fi ndings with respect to estradiol, total bioavailable 
testosterone levels were positively correlated with 
BMD in pre-menopausal women (13).

Longitudinally, low estradiol concentrations 
are associated with faster rates of bone loss in 
older post-menopausal women (19,23,24) but not 
in pre-menopausal women (2,22,23,25–27). Never-
theless, within a group of pre-menopausal women, 
those with lower estrogens experienced faster 
rates of bone loss (28). Follow-up in most of these 
studies was less than 4 years, and it’s possible that 
over longer periods of time, estrogen levels could 
predict rates of bone loss. In the 12-year study of 
Rannevik et al., after approximately 3 years post-
menopausally, estradiol correlated with rates of 
bone loss (29). Testosterone was not correlated 
with changes in BMD (2,26,27), except for a single 
study (23). Bone loss over a 2- to 8-year follow-up 
was related to lower androgens in pre-menopausal 
women, but to both lower androgens and estro-
gens in post-menopausal women (23).

Men

Two “Experiments of Nature” (30) have provided 
essential information about the importance of 
estrogen to the male skeleton. An alpha-estrogen 
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FIGURE 4.2. Total and bioavailable estradiol by age: men and women.

receptor-defi cient male was found to have high 
circulating estrogens, normal testosterone levels, 
but very low BMD (31). Three men with an aro-
matase defi ciency rendering them estrogen-
defi cient were found to have very low BMD, 
and all responded well to estrogen replacement 
(32,33).

Population studies of older men have reported 
positive correlations between total estradiol and/
or bioavailable estradiol in both older and younger 
men (13,34–39). The relationships tended to be 
stronger for bioavailable estradiol than total 
(13,36). In contrast, there is little evidence that 
total or bioavailable testosterone is correlated 
with BMD in older or younger men, at least in the 
range of normal testosterone (13,35,39–41). In 
the Framingham Study, BMD at any site did not 
differ in hypogonadal men compared to eugo-
nadal men (38).

The relative contribution of testosterone and 
estrogen in regulating bone resorption and for-
mation in men was examined by eliminating 
endogenous testosterone and estrogen produc-
tion in 59 older men, average age 68 years (42), 
and then replacing either testosterone, estradiol, 
or both. Bone resorption markers increased sig-
nifi cantly in the absence of both testosterone and 
estradiol. Administration of estradiol alone pre-
vented the increase in bone resorption, but admin-
istration of testosterone had no effect. In contrast, 
both testosterone and estradiol individually main-
tained levels of bone formation. Thus, although 
correlations between BMD and testosterone levels 
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are usually not apparent, testosterone may infl u-
ence bone formation.

Cross-sectional studies have consistently shown 
an important role for estrogen in determining the 
skeleton, but it is unclear whether estrogen con-
tributes to peak skeletal mass or affects bone loss 
in men. Low total bioavailable estradiol concen-
trations were associated with faster rates of bone 
loss in older men (43–45). There was no associa-
tion between total or bioavailable testosterone 
concentrations and change in BMD (44). Simi-
larly, the rate of increase in BMD in younger men 
(age 22–39) was correlated with total and bioavail-
able estradiol, but not with total or bioavailable 
testosterone (43). Of importance, a threshold level 
for bioavailable estradiol below which aging men 
begin to lose bone was suggested (43). Elderly 
men with bioavailable estradiol below the median 
(40 pmol/L) had signifi cantly higher rates of bone 
loss and levels of bone resorption markers than 

men with higher bioavailable estradiol levels. This 
subset of older men may be the most likely to 
benefi t from preventive efforts.

Sex Steroids, Volumetric BMD and 
Skeletal Structure

All previous studies used areal BMD measures 
and were unable to examine the associations 
between sex steroids and trabecular and cortical 
bone separately or to structural parameters. 
Khosla et al. have recently published three key 
papers (9,10,46). As shown in Figure 4.3 (women) 
and Figure 4.4 (men), the “threshold” theory 
exists only for cortical bone. At all cortical sites, 
volumetric BMD was associated with bioavailable 
estradiol at low but not high levels. Trabecular 
bone, on the other hand, was correlated with 

in women. Group A (age 20–39) (dotted lines, crosses), Group B 
(age 40–59) (solid lines, circles), and Group C (age ≥ 60) (dashed 
lines, triangles). Slopes are as follows: Group A, −0.01; Group B, 
12.4; and Group C, 36.3. Note that bio E2 levels are on a log scale. 
See text for details (From 9 by permission of The Endocrine 
Society).
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bioavailable estradiol both above and below the 
median. The authors speculate that reductions in 
bioavailable estradiol levels to below the thresh-
old will result in greater decreases in trabecular 
bone than cortical bone. But cortical bone is not 
sensitive to declining bioavailable estradiol levels 
until they decline past the threshold. This theory 
is consistent with the observation that meno-
pause-related bone loss primarily affects trabecu-
lar and not cortical bone. Further studies are 
needed to confi rm this observation. Improved 
assays are needed to identify the specifi c cutpoint. 
In the papers described previously, the “cutpoint” 
was the median level and it differed in both men 
and women.

None of the structural parameters (vertebral 
area, bone area, subendocortical area, cortical 
area, and trabecular microstructural measures) 
were related to bioavailable estradiol or bioavail-
able testosterone in young men or pre-meno-
pausal women. In older men and women, both 
bioavailable estradiol and bioavailable testoster-
one were related to many of these structural 
parameters and to trabecular microstructure.

In a longitudinal study of 108 women followed 
over the menopause for 15 years, there was an 
increase in periosteal apposition, leading to an 
increase in skeletal size (47). This increase in size 
in part compensates for the loss in bone strength 
caused by post-menopausal bone loss. Of im -
portance, post-menopausal serum estradiol 
levels were highly correlated with changes in 
the periosteal diameter. Taken together, these 
results support a role for both estrogens and 

androgens in maintaining bone size parameters 
and trabecular microarchitecture.

Sex Steroids and Fractures

Women

Early case control studies comparing sex steroids 
in women with and without a fracture were con-
fl icting (48–51). These contradictory results may 
have refl ected the small sample size, biased selec-
tions of cases and controls, alterations in hor-
mones resulting from the fracture itself, and use 
of low-sensitivity assays. Prevalent vertebral frac-
tures were less common among women who had 
an estradiol level greater than 5 pg/mL (18 pmol/
L): The multiple adjusted odds ratio was 0.4 (95% 
confi dence intervals, 0.2–0.8) (15). In contrast, in 
the Rancho Bernardo Study, the prevalence of 
vertebral fractures was not related to either total 
or bioavailable estradiol or bioavailable testoster-
one in older women (52), although earlier reports 
from this cohort showed a relationship between 
estimated bioavailable testosterone (but not estra-
diol) and height loss (53).

The prospective studies of endogenous hor-
mones and fracture are summarized in Table 4.1 
(54–59). In the Study of Osteoporotic Fractures 
(SOF), women with estradiol below the sensitivity 
of the assay (<5 pg/mL [18 pmol/L]), had a 2.5-fold 
increased risk of a hip fracture (Relative Risk (RR) 
= 2.5; 1.4–4.2) even after adjusting for age and 
body weight (54). Adjustment for BMD attenuated 
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the RR slightly to 1.9 (1.0–3.6), suggesting that at 
least part of this association refl ected the higher 
BMD among women with higher endogenous 
concentrations of estradiol. Of importance, the 
RR remained signifi cant, suggesting that estradiol 
may have other effects, which contribute to their 
effect on fractures.

Women with low free testosterone had an 
increased risk of hip but not vertebral fracture, 
but this was not signifi cant after adjusting for 
estradiol (54). The risk of hip fracture increased 
with increasing serum concentrations of sex 
hormone binding globulin (SHBG), but this asso-
ciation appeared to be slightly dependent upon 
body weight. The combination of low estradiol 
and high SHBG was associated with an age-
adjusted 14-fold increase in hip and 12-fold 
increase in vertebral fractures.

The OFELY cohort of French women were 
approximately 10 years younger on average than 
women in SOF (55). In this study, low estradiol 
(defi ned as lowest Quartile (<39.6 pmol/L) was 
associated with an increased risk of fracture (Table 
4.1). Neither SHBG nor testosterone were signifi -
cantly related to fracture, although there was a 
trend of increasing fracture with increasing SHBG. 
Adjustment for BMD or bone turnover had little 
effect. The authors estimated that women with 
both high resorption markers and low estradiol 
had a threefold increased risk of fracture.

In the French Epidemiology of Osteoporosis 
(EPIDOS) Study, low concentrations of estradiol 
were unrelated to hip fractures, even after explor-
ing various cutoffs from less than 10.8 pmol/L (2% 
of subjects) to less than 25.2 pmol/L (38% of sub-
jects) (56). However, women with high (>36 pmol/
L) concentrations were protected (RR = 0.71; 
0.47–1.06). Women with the highest levels of 
SHBG (Quartile IV) had a 2.5-fold (1.4–4.6) 
increased risk of hip fracture in comparison to 
women with the lowest SHBG (Quartile 1).

In the Rotterdam Study of vertebral fractures, 
mean age of 68 years, low estradiol was associated 
with an increased risk and low SHBG with a 
decreased risk of vertebral fractures, independent 
of BMD (57). Women with a combination of 
both low estradiol and high SHBG had a 7.8-fold 
(2.7–22.5) increased risk of vertebral fractures. 
Testosterone was not related to fractures in this 
study.

Finally, two studies examined the association 
of endogenous hormones to any type of incident 
fractures (58,59). In these studies, low estradiol, 
or a measure of free estrogen index, were associ-
ated with increased fractures. In the Finnish 
Study, SHBG was unrelated to fracture risk.

Taken together, these studies suggest an asso-
ciation between estradiol and fracture. Of impor-
tance, these associations were found across several 
different cohorts, representing women with an 
average age ranging from 64 to 82 years, recruited 
from several different countries. Nevertheless, the 
results are confi ned to Caucasian women, and 
little is known about sex steroids and fracture in 
other ethnic groups. Asian women have a high 
rate of hip fracture (60), and it will be important 
to study whether estradiol predicts fracture in 
these women, especially because their body weight 
tends to be lower than Caucasians (61). Overall, 
testosterone was not related to fractures in women 
and the association between SHBG was inconsis-
tent. Future studies should use state of the art 
assays for testosterone and include the free or bio-
available testosterone.

Men

To my knowledge, seven case control or cross-
sectional studies have examined the association of 
sex steroids to fractures in older men (Table 4.2) 
(52,62–67). The prevalence of testosterone defi -
ciency was reported to be higher among men with 
hip fracture (62,63) in comparison to controls. 
Estradiol levels were lower and SHBG higher in 
two small studies of men with idiopathic osteopo-
rosis (64,66), but not in other studies (65). In the 
Rancho Bernardo cohort, men with a prevalent 
vertebral fracture had lower total and bioavailable 
estradiol, but there was no difference in testoster-
one (52). Finally, estradiol and testosterone levels 
were similar in men with and without a vertebral 
fracture, but SHBG levels were higher in the frac-
ture group (67). These retrospective studies are 
limited by their small sample size (ranging from 
12 to 81) and their highly select nature of the cases 
and controls.

There is limited longitudinal data on sex steroid 
hormones and fractures in older men (Table 4.3) 
(41,57,68,69). The number of cases of fractures 
was extremely small, ranging from 22–54. The 



TABLE 4.2. Summary of Case-Control or Cross-Sectional Studies of Endogenous Sex Steroid Hormones and Fractures in Men

Author Cases Controls Hormones Cases
Results 
controls p-Value

Stanley (1991) 
USA

19 hip fx mean age = 77 yr, VA 
long term care facility

65 controls; matched 
on age and facility

%T (<9 pg/mL) 58.9%
OR = 6.5
(2.0–20.6)

18% 0.002

Jackson (1992) 
USA

17 incident hip fx, 11 prevalent 
hip fx; 28 total

28 controls; matched 
on age, race and 
living facility

%T (<10.4 nmol/L) 71%
OR = 5.3
(1.7–16.5)

32% 0.003

Gillberg (1999) 
Sweden

12 men idiopathic osteoporosis 12 controls matched 
on age

E2 (pmol/L)
SHBG (mg/L)

71 ± 13
3.7 ± 1.6

85 ± 15
2.5 ± 1.0

0.03
0.04

Barrett-Connor 
(2000) 
USA

prevalent vertebral fx (n = 28) 
median age = 66 yr

no vertebral fx (n = 
324) median age = 
65 yr

total E2 (pmol/L)
total bio E2 (pmol/L)
total T (nmol/L)
total bioT (nmol/L)

64.1
43.0
10.1
3.5

75.4
51.4
10.9
3.8

<0.05
<0.05
NS
NS

Controls 10 Osteo 20 Osteo

Legrand (2001) 
France

80 men BMD T score <−2.5
n = 40: 10 osteoporosis
n = 40: 20 osteoporosis, mean age 

49–51 yr

40 controls matched 
on age

E2 (ng/L)
T (lg/L)
SHBG (nmol/L)

23.9
5.0
24.4

27.2
5.9
32.7

25.3
4.9
36.6

Pietschmann (2001) 
Austria

31 men, idiopathic osteoporosis 
mean age = 60.6 yr

35 matched on age 
mean age = 
56.1 yr

E2 (pmol/L)
SHBG (nmol/L)
FAI

91.3
31.5
42.6

114.6
24.2
56.4

0.04
0.03
0.02

Evans (2002) 
United Kingdom

81 men, vertebral fx mean age = 
62.6 yr

68 volunteers mean 
age = 59.3 yr

E2 (pmol/L)
T (nmol/L)
FAI
FEI
SHBG(log) (nmol/L)

37.9
19.5
32.1
73.5
1.80

36.8
14.9
33.9
88.8
1.65

NS
NS
NS
NS
0.01

Fx, fractures; E2 estradiol; T, testosterone, SHBG, sex hormone binding globulin; FEI, free estrogen index; FAI, free androgen index; NS, not significant; 
VA, Veterans Affairs; OR, odds ratio; 1°, primary; 2°, secondary.

TABLE 4.3. Summary of Prospective Studies of Endogenous Sex Steroid Hormones and Fracture in Older Men

Results
Author Design Population 1 Outcomes Hormones fx No fx

Nyquist (68) 
(1998) 
Sweden

prospective 242 men, mean 
age = 67 yr

all fx (n = 22) 
mean 
follow-up 
7 yr

T (nmol/L)
SHBG (mg/L)

16.7
2.3

17.2
2.6

No fx Minor fx Major fx

Center (2000) 
Australia

prospective Dubbo cohort 
(n = 437) 
mean age = 
72 yr

all fx (n = 54) 
mean 
follow-up 
= 1.7 yr, 
minor fx = 
30, major 
fx = 24

E2 (pmol/L)
Free T (pmol/L)
SHBG (nmol/L)

70
40
40

65
42
41

71
36
54+
+ p < 0.05 vs no fx

Adj age and weight
Gonderie-Plomp 

(2004) 
(Netherlands

nested 
case-control

Rotterdam 
cohort 
(n = 3105) 
mean age = 
66 yr age-
matched 
controls, 
n = 133

45 incident 
vertebral 
fx, mean 
follow-up 
= 6.5 yr

E2 (pmol/L)

Bio E2 (pmol/L)

SHBG (nmol/L)

�40.5
40.6–53.8
�53.9
<28.5
28.6–38.7
38.8–72.9
�34.2
34.3–47.7
>47.8

1.37 (0.6–3.1)
1.33 (0.6–3.0)
Referent
1.10 (0.3–3.7)
1.66 (0.6–4.7)
Referent
0.75 (0.3–1.7)
0.86 (0.4–1.8)
Referent

Fx, fracture; E2, estradiol; T, testosterone, SHBG, sex hormone binding globulin; adj, adjusted.
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results of these studies primarily show no associa-
tion, but these results are diffi cult to interpret. 
Clearly, more prospective information is needed 
on the relationship of sex steroid hormones and 
fracture in older men.

Summary

This review clearly supports a key role for estradiol 
in the maintenance of skeletal integrity in both 
men and women. Testosterone is also important, 
especially in older men and in maintaining bone 
formation, although the epidemiologic data do not 
support a strong independent role for testosterone 
in women. Most of the available research has 
focused on correlations with areal BMD. More 
information is needed on other aspects of skeletal 
strength including bone size, geometry, and the 
micro-architecture of bone. The possibility of a 
“threshold” level of estradiol in both men and 
women and differential effects on trabecular and 
cortical bone needs to be confi rmed. Prospective 
studies of sex hormones and fracture in women 
generally show a strong relationship between 
serum estradiol and subsequent fracture risk. Nev-
ertheless, until mass spectrometry is routinely 
available, clinical use of estradiol as a marker of 
risk is not recommended. There is a paucity of 
data on sex hormones and fracture in men. Because 
fractures are the most important clinical conse-
quence of osteoporosis, these data are needed.

Individual differences in sex hormones con-
tribute to areal BMD and to fractures, at least in 
older women. Generally, sex steroids decline with 
age. But of importance, there is considerable indi-
vidual variability in the absolute levels of sex 
hormones and in the decline in sex steroids. The 
heritability of testosterone and SHBG was sub-
stantial and much higher than the genetic effects 
on serum estradiol (70), suggesting that identifi -
cation of both the genetic and non-genetic infl u-
ences on hormone concentrations may help to 
improve our understanding of the factors that 
contribute to the individual variability in sex hor-
mones and disease risk.
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5
Animal Models for Senile Osteoporosis
Ken Watanabe

Age-related decline in bone mass is a universal 
phenomenon among laboratory mammals. 
Research on aging has been conducted using 
various models from yeast and nematode to 
mouse and non-human primates, and has rapidly 
progressed because of the recent development of 
forward and reverse genetics, as well as functional 
genomics. A number of mouse models bearing 
artifi cially or naturally modifi ed genes develop 
bone phenotypes with various pathologies. Among 
those mice, some are considered to be potent 
models for understanding the pathophysiology of 
senile osteoporosis in humans. Here, available 
models for the study of senile osteoporosis, and 
mouse models in particular, are introduced and 
discussed.

General Animal Models of 
Senile Osteoporosis

Besides mice and rats, studies of osteoporosis in 
guinea pigs, rabbits, cats, dogs, and pigs have 
been reported. And although some of those evalu-
ated are generally considered to be better models 
relative to humans in terms of similarity in estrus 
cycles or Haversian remodeling compared to mice 
and rats, the number of studies is quite limited. 
Studies in non-human primates, such as monkeys, 
have been conducted and are considered to be the 
best and most relevant in terms of human skeletal 
structure and metabolism (1–6). Although breed-
ing cost and ethical consideration are the highest 
compared to other animal models, therapeutic 

trials in non-human primate models are consid-
ered the most informative, relative to humans. 
Age-dependent bone loss in these animals has 
also been well described. On the other hand, 
primary screening of candidate anti-osteoporotic 
compounds has been tested more often in rat than 
mouse models, probably because they have rela-
tively more bone mass and an overall better 
response to ovariectomy (OVX). As observed in 
humans, decreased bone marrow cellularity and 
increased adiposity, as well as age-related decline 
of bone mass, are apparent in rodent models of 
aging. However, the relatively recent trend of 
using genetic approaches, which are more easily 
applied to mouse models and include the targeted 
manipulation and ablation in vivo of genes, have 
been instrumental to our rapidly expanding 
knowledge of the molecular and cellular mecha-
nisms underlying both normal and pathological 
bone biology.

Laboratory mice usually live for 2–3 years and 
show a peak bone mass at 4–8 months of age, 
followed by declining bone mass as they age. A 
popular laboratory mouse strain, C57BL/6, devel-
ops a senile osteoporosis-like bone phenotype 
with decreased bone mass and quality (7–11). 
Both trabecular and cortical bones suffer dynamic 
changes upon aging in these mice. Whereas the 
cancellous bone volume fraction (BV/TV) is sig-
nifi cantly decreased as these mice age from 6 
weeks to 24 months, cortical thickness is increased 
until reaching peak bone mass (approximately 6 
months), followed by a progressive decline there-
after (9). Interestingly, expression of receptor 
activator of NFκB ligand (RANKL), also known as 
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osteoclast differentiation factor, is increased upon 
aging, correlating with cancellous bone volume 
(7,11). In another common strain, BALB/c, osteo-
genic stem cells from 24-month-old mice exhibit 
a decrease in proliferative potential upon aging 
(12). It is suggested that the age-related bone loss 
is caused by decreased osteogenic potential caused 
by both quantitative and qualitative declines, 
especially in stem cell function (12). On the other 
hand, bone marrow hematopoiesis is often 
affected by aging (13). C57BL/6 is known to 
develop clonal B cell expansion and lymphoma 
frequently in this aging mouse strain (14,15), sug-
gesting that age-related, strain-specifi c hemato-
poietic disorganization, such as lymphoma, 
largely affects bone metabolism, and bone resorp-
tion in particular.

Senescence-accelerated mice (SAM) have been 
established by Takeda et al., and accepted as suit-
able models for aging (16). The SAM lines, derived 
from a mouse strain AKR/J, are divided into two 
classes; SAM-P lines exhibit an accelerated aging 
phenotype with shortened life-span, and SAM-R 
lines, which show a less accelerated phenotype 
than that of SAM-P. The aging phenotype of SAM-
P lines becomes apparent at 6–8 months of age. 
Among the SAM lines, SAM-P6 has been demon-
strated to be a correlative model for senile osteo-
porosis in humans (17–20), and its bone phenotype 
has been well described. For example, Jilka et al. 
(17) demonstrated that the osteopenic phenotype 
in SAM-P6 is caused by reduced osteoblastogen-
esis and that their bone metabolism is resistant to 
gonadectomy. Furthermore, increased adipogen-
esis and myelopoiesis are observed in the bone 
marrow of these mice (19). In addition, the long 
bones in SAM-P6 are longer but more fragile than 
controls (18). This line is among the best studied 
as a model for senile osteoporosis, not only in 
terms of skeletal morphology and pathology, but 
also in terms of its application for therapeutic-
targeting experiments, such as drug testing and 
bone marrow transplantation (21–23). Other 
numerous in vivo and ex vivo reports of SAM-P6 
have been published whose observations are 
thought to be consistent between these aged mice 
and humans, but also include some controversial 
observations or interpretations, probably owing 
to their complicated genetic backgrounds. Because 
the SAM strains are polygenic, the specifi c genetic 

factors accounting for their bone phenotype 
remain to be elucidated.

The observed differences in bone metabolism 
resulting from the various genetic backgrounds 
of these different mouse strains have been 
studied by quantitative trait locus (QTL) analy-
ses. For example, whereas C57BL/6 mice have 
relatively low bone mineral density (BMD) and 
reduced bone mass, C3H/HeJ have high BMD and 
are resistant to bone loss in response to OVX 
(24,25). These studies indicate that usage of wild-
type inbred strains of mice, as well as rats, need 
to be well-characterized and given strong con-
sideration in studies of bone metabolism and 
pathophysiology.

The Premature Aging Phenotype With 
Decreased Bone Mass

Given the potential pitfalls with mouse models 
of aging as described, such animals remain 
reasonably good models for studies of senile 
osteoporosis. However, aging is a complex phe-
nomenon and diffi cult to understand at the 
molecular level. Some of the genetically modifi ed 
mice recently developed by knockout or trans-
genic techniques show premature aging pheno-
types. The clearest conclusion to be drawn from 
these models is that single gene mutations cause 
multiple aging phenotypes. This advantage is 
useful in defi ning the mechanisms regulating 
bone metabolism (26).

Mouse models for human progeroid syndromes 
have been reported (27–31). These genetically 
modifi ed mice develop multiple aging phenotypes 
and exhibit a shortened life span (Table 5.1). For 
example, Werner syndrome is caused by a loss-of-
function mutation in WRN, encoding the RecQ 
family DNA helicase, which plays a role in genome 
stability including telomere maintenance (32). 
Unexpectedly, knockout mice for the Wrn gene 
are essentially normal and exhibit no characteris-
tics of premature aging (33). Mice have long telo-
meres and relatively high telomerase activity, 
suggesting that the aging phenotype is latent in 
these mice and results from residual activity 
surrounding telomere maintenance. Evidently, 
double knockout mice for Wrn and Terc, which 
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encodes the RNA component of telomerase activ-
ity, show a Werner-like phenotype with osteopo-
rosis (34,35). RecQ like-4 (Recql4) is a gene 
mutated in a subset of Rothmund-Thomson syn-
drome, recognized as a premature aging syn-
drome (36,37). Although Reql4 null mice are 
embryonic lethal, targeted deletion of exon 13 
results in a form of aging phenotype that includes 
osteopenia (38). Yang et al. showed that osteopro-
genitors are signifi cantly decreased in heterozy-
gous Recql4 (+/−) mice compared to wild-type 
controls (39). In addition, mutated Recql4 has 
also been reported in Baller-Gerold syndrome, a 
rare autosomal recessive disorder with radial 
aplasia/hypoplasia and craniosynostosis (40).

Recently, a gene encoding lamin A has been 
identifi ed to be responsible for human progeria, 
Hutchinson-Gilford syndrome (41,42). Mice car-
rying an autosomal recessive point mutation in 
the lamin A gene, corresponding to that identifi ed 

in humans, also develop a progeria-like pheno-
type with osteoporotic symptoms (43). Interest-
ingly, Duque and Rivas found that expression of 
lamin A/C in osteoblasts and chondrocytes of 
C57BL/6 mice is decreased in an age-related 
manner, suggesting that lamin A/C in osteoblasts 
may play a role in physiological aging and senile 
osteoporosis (44).

Mice presenting with multiple aging pheno-
types have also been reported. Null mutation of a 
gene, Ku86 (also known as Ku80), which plays 
roles in DNA repair and transcription, exhibits a 
shortened life span and elicits a premature aging 
phenotype including osteopenia (45). The aging 
phenotype has also been observed in mice lacking 
PASG, an SNF-like molecule that functions in 
DNA methylation (46). Mutant mice show 
decreased BMD and a delay in the secondary ossi-
fi cation of the tibial epiphyses (46). In addition to 
mutations in genes involved in genomic stability 

TABLE 5.1. Genetically Modified Mice With Premature Aging Phenotype and/or Short Life Span

Gene Function Modification Bone phenotype Characterization of bone Related human case 

Atm cell cycle checkpoint KO osteopenia microCT, histological analysis, ex 
vivo cell culture

Ataxia telangiectasia

BubR1 spindle assembly 
checkpoint

hypomorph Normal (kyphosis) DXA

DNA-PKcs DNA repair KO osteopenia X-ray analysis
klotho hormone/growth factor 

stimulating, mineral 
metabolism

hypomorph osteopenia SXA, microCT, histological 
analysis, ex vivo cell culture

Ku86 DNA repair, 
transcription

KO (not indicated)

Lmna Nuclear architecture knock-in osteopenia DXA Hutchinson-Golford 
progeria syndrome

mTR telomere maintenance KO normala X-ray analysis, histological 
analysis

PASG DNA methylation hypomorph osteopenia X-ray analysis, histological 
analysis

PolgA mitochondrial DNA 
replication

knock-in osteoporosis X-ray analysis

Recql4 DNA replication and 
repair

KO osteopenia X-ray analysis, histological 
analysis

Rothmund-Thomson 
syndrome

Sirt6 DNA repair KO osteopenia X-ray analysis, DXA
TRp53 cell cycle checkpoint deletion mutant

mutant Tg
short isoform Tg

osteopenia 
osteopenia
osteopenia

X-ray analysis, histological analysis
X-ray analysis
X-ray analysis, histological analysis

XPD DNA replication and 
repair

knock-in osteoporosis X-ray analysis, DXA Xeroderma 
pigmentosum

Wrn/Terc telomere maintenance double KO osteopenia microCT Werner syndrome

a The phenotype was observed in the 6th generation from mTR knockout mouse matings.
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and nuclear organization, mice carrying mito-
chondrial DNA polymerase mutations that exclude 
a region responsible for its proofreading activity 
also present the osteoporotic phenotype together 
with other premature aging symptoms (47). A 
sir2/SIRT family of NAD-dependent histone 
deacetylase has been reported to be implicated in 
life span. Knockout mice for Sirt6 exhibit genomic 
instability and an aging-like phenotype with 
osteopenia (48); particularly decreased bone mass, 
now considered a hallmark of premature aging 
phenotypes. However, most observations of the 
skeletal phenotype were examined by X-ray anal-
ysis. The pathophysiology, including histology, of 
the bone phenotype in these models for prema-
ture aging has not yet been fully described.

Errors in cell duplication, such as those mispro-
grammed by the previously mentioned mutations, 
can be detected and corrected by arresting cell 
cycle. A system of cell cycle checkpoints has been 
shown to play a critical mechanistic role (49,50). 
Checkpoint kinase cascades are involved in DNA 
replication and other cell cycle events. ATM is a 
PI3K family kinase involved in DNA repair and 
oxidative response (51). The gene encoding the 
protein kinase has been identifi ed as a gene 
mutated in ataxia telangiectasia, recognized as 
one of the human premature aging syndromes 
(52). Knockout mice for ATM exhibit a similar 
phenotype to the human disease, including hyper-
radiosensitivity and ataxic defects (53–55). It has 
been shown that the self-renewal capacity of 
hematopoietic stem cells in Atm knockout mice is 
signifi cantly impaired with elevated reactive 
oxygen species (ROS), and that treatment with 
anti-oxidative agents rescues the bone marrow 
failure (56). An osteopenic phenotype has also 
been observed in these knockout mice. Colony 
formation assays revealed that the phenotype 
was mainly caused by a proliferative defect in 
bone marrow mesenchymal stem cells or its 
progenitors (57).

Gain-of-function mutations in p53, a down-
stream effector of ATM kinase, also exhibit pre-
mature aging with an osteoporotic phenotype 
(58,59). Among them, p44 transgenic mice show a 
low progenitor turnover with signifi cant decreases 
in osteoblast number and a slight reduction of 
osteoclasts (59). Although further characteriza-
tion of the models is required, these data suggest 

that the stem cell defect caused by cell cycle arrest 
upon DNA damage or other cell cycle abnormali-
ties, at least in part, may account for the decreased 
bone formation and subsequent osteopenia 
observed in these premature aging models.

In addition to stem cell defects in p53 and 
other checkpoint defi ciencies, recent evidence 
indicates that p53 can directly regulate osteoblast 
differentiation (60,61). Wang et al. showed that 
mice lacking p53 exhibit increased bone mass 
because of accelerated osteoblast differentiation 
caused by elevated Osterix levels. Lengner et al. 
examined osteoblast-specifi c ablation of Mdm2, 
a negative regulator of p53, and found reduced 
proliferation and decreased levels of Runx2 in the 
osteoblasts. Furthermore, they also described 
elevated Runx2 levels in p53-null osteoblasts, 
suggesting that p53 negatively regulates bone 
development and growth by inhibition of Runx2. 
Defects in osteoblast differentiation caused by 
dysregulation of Osterix was also recently reported 
in Atm knockout mice (62). Thus, not only stem 
cell defects, but also cell autonomous differentia-
tion defects of osteoblasts may be associated with 
the osteopenic phenotype in mouse models of 
premature aging.

Osteopenia Caused By Decrease in 
Bone Formation

Low turnover rates or uncoupling between bone 
resorption and formation in aged bones is often 
associated with decline in osteoblast function 
(63). Reduced bone formation is one of the fea-
tures observed in models for senile osteoporosis. 
A number of genes playing critical roles in bone 
formation have been described using genetically 
modifi ed mice (64–67). Several typical models are 
listed in Table 5.2. Sca1/Ly6A is a GPI-anchored 
membrane protein expressed in hematopoietic 
stem cells and a subset of bone marrow stromal 
cells (68,69). Whereas Sca1 knockout mice have 
normal bone development, the aged animals (15 
months of age) show signifi cant bone loss (70). 
Progenitor and differentiation assays of bone 
marrow cells in these mice reveal that decreased 
bone mass is caused by impaired self-renewal of 
mesenchymal progenitors. Stem cell defects in 
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hematopoietic lineages have also been reported 
in Sca1 knockout mice (71). Although multiple 
aging phenotypes in Sca1 knockout mice have not 
been reported, this is a good model for senile 
osteoporosis in humans, supporting the stem 
cell hypothesis in the pathogenesis of senile 
osteoporosis (72).

IRS1, a major substrate of insulin receptor 
(IR) and insulin-like growth factor-1 receptor 
(IGF1R) that transduces signals by interacting 
with signaling molecules in a phosphorylation-
dependent manner, is expressed in osteoblasts 
but not in osteoclasts. IRS1 knockout mice exhibit 
low bone mass compared with wild-type controls, 
and cultured osteoblasts from the knockout mice 
are impaired in IGF-induced proliferation and 
differentiation, whereas bone morphogenetic 
protein (BMP)-induction is not altered (73). 
Reduced osteoclast formation is the result of 
defective osteoblasts, resulting in low turnover 
osteopenia (73).

Wnt signaling regulates bone mass through the 
osteoblastic lineage. It has been revealed that an 
autosomal recessive disorder, osteoporosis-pseu-
doglioma syndrome (OPPG), is caused by muta-
tions in the gene encoding LRP5, a cell surface 
co-receptor for Wnt (74). It has also been inde-
pendently shown that Val171 mutation of LRP5 
causes high bone density in humans (75). These 
correlative fi ndings indicate a role for the Wnt 
pathway in bone development and remodeling. 
Kato et al. generated mice defi cient in Lrp5, and 
showed that Lrp5 knockout mice also develop 
osteopenia caused by reduced osteoblast prolif-
eration and function (76). A signifi cant decrease 
in the number of bone marrow stromal progenitor 
cell (colony-forming unit fi broblastoids [CFU-F]) 
colonies was observed in the knockout mice. Inhi-

bition of GSK3, a negative regulator of Wnt/
β-catenin signaling, stimulates osteoblastic dif-
ferentiation of the progenitors (77,78). The 
ligands, such as Wnt10b, specifi cally activate the 
canonical pathway, and constitutively activate β-
catenin-stimulated osteoblast differentiation (79). 
These fi nding support the idea that the canonical 
pathway via β-catenin signaling of Wnt plays a 
role in the regulation of osteoblasts. It should be 
noted that the canonical pathway also inhibits 
adipogenic differentiation of progenitor cells (80), 
suggesting that the pathway is also important in 
lineage commitment between osteoblastic and 
adipogenic fates. This observation may be associ-
ated with age-related alterations of bone marrow, 
resulting in decreased bone formation and 
increased adipogenesis to what is described as 
“fatty marrow.”

On the other hand, some models presenting 
with osteopenia exhibit defects in osteoblast 
differentiation. Mice lacking a transcriptional 
cofactor, four and a half LIM domains 2 (Fhl2), 
also present with a signifi cant decrease in bone 
mass (81). Although numbers of osteoblasts and 
osteoclasts were comparable to littermate con-
trols, bone formation rate was markedly reduced. 
Furthermore, transgenic mice overexpressing 
Fhl2 in osteoblasts exhibited enhanced bone for-
mation and increased bone mass. Fhl2 interacts 
with Runx2 to increase its transcriptional activity 
and stimulates osteoblast maturation, suggesting 
that the Fhl2 knockout is a unique model for 
osteopenia caused by osteoblast activation defi -
ciency (81).

c-Abl, a downstream protein kinase of ATM, 
functions in DNA repair and oxidative stress 
response (82,83). Mice defi cient for the Abl 
gene also develop osteopenia with reduced bone 

TABLE 5.2. Osteopenic Mice With Altered Bone Formation

Gene
Phenotype
(knockout)

Osteoprogenitor
(incl. stem cells)

Number of 
osteoblasts

Number of 
osteoclasts

Ex vivo osteoblast 
differentiation

Kl (klotho) osteopenia ↓ ↓ ↓ ↓
Ly6a (Sca1) osteopenia ↓ ↓ ↓ ↔
Irs1 osteopenia n.d. ↓ ↓ ↔
Lrp5 osteopenia ↓ ↓ ↔ ↔
Fhl2 osteopenia n.d. ↔ ↔ ↓
Abl1 (Abl) osteopenia ↓ ↓ ↔ ↓

n.d., not described.
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formation (84). Ex vivo assays of osteoclastogen-
esis were not affected, and the number of osteo-
clasts in the Abl-defi cient mice was similar to that 
of wild-type controls. Whereas the number of 
progenitors in bone marrow is signifi cantly 
decreased, the differentiation of osteoblasts from 
Abl knockout mice is also impaired (84). Using 
osteoblast culture, distinct roles in the oxidative 
stress response between c-Abl and ATM have 
been proposed (85). Although decreased ex -
pression of peroxiredoxin 1 (Prdx1) caused by 
down-regulation of PKCδ was observed on arse-
nate-induced oxidative stress in osteoblasts from 
Atm knockout mice, expression of the redox 
protein, through the upregulation of PKCδ, was 
increased in the cells derived from Abl knockouts. 
The opposite roles in the oxidative stress response 
may cause similar bone phenotypes in the knock-

out mice of Abl and Atm genes through distinct 
mechanisms. Life-span shortening and age-related 
defects have been reported in mice lacking Prdx1 
or MsrA, which encodes methionine sulfoxide 
reductase (86,87). Both genes play important roles 
in the oxidative stress response through anti-ROS 
activity. Whereas the bone phenotype in these 
mutant mice has not yet been described, it will be 
interesting to see the potential pathogenic pheno-
type in bone from these mice. Oxidative stress, 
such as that caused by ROS, often causes damage 
in DNA, suggesting that the genomic stability and 
oxidative stress response may share some common 
pathways in the aging phenotype (Figures 5.1 and 
5.2). As mentioned with Atm mice, an antioxidant 
also partially rescues perinatal lethality of Ku86 
knockout mice (88). In addition to DNA damage, 
ROS is important in signal transduction and 

ATM
PKC

Abl

mtDNA
pol

Chk2

p53
Nrf2

Prdx1

ROS

: activation or up-regulation

: inhibition or down-regulation

Cell cycle arrest

mitochondria

XPDPASG

Lamin A

BlmWrn

Ku86 Terc

telomere

mTR

p38
MAPK

Differentiation

Stem cell and osteoblast osteoblast

SIRT6

damages, errors
telomere shortening

DNA-PK

Rb

p16/p19

FIGURE 5.1. Predicted pathways connecting the gene products 
responsible for the premature aging mutant phenotype.
Most of the mouse models for premature aging described by now 
are caused by mutations in the genes involved in genomic integrity 
and subsequent cell cycle regulation. Errors and damage to the 
genome or telomere shortening, which also affects DNA integrity 
could, in theory, be detected and corrected. Mutations in the genes 
responsible for genomic stability cause accumulation of pheno-

typic abnormalities. Genomic disorganization activates cell cycle-
regulating pathways involving checkpoint kinases and p53. 
Oxidative stress is among the triggers that elicit genomic instabil-
ity via DNA damage. Elevation and excess of ROS affect down-
stream signaling, including PKCδ, which subsequently stimulates 
the anti-ROS pathway, including transcriptional activation of 
Prdx1.
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FIGURE 5.2. Osteogenesis and aging. Observations in naturally 
aged laboratory animals and mutant mice with aging 
phenotypes suggest that one of the keys to understanding 
aging and premature aging pathogenesis may be self-
renewing stem cells. In these models, the pathway invol ving 
p53 (Figure 5-1) up-regulates the genes responsible for 

cell cycle arrest and/or apoptosis, lowering the regenerative 
potential necessary for homeostasis and tissue repair. 
Although the mechanisms responsible for aging are largely 
unknown, the existing models suggest that there are common 
pathways, which may help in our understanding of the aging 
phenotype.

pathogenesis of diseases as well. For example, 
anti-oxidative agents reverse insulin resistance in 
diabetic models (89,90). Although it remains 
unclear whether ROS targets are part of the mech-
anistic pathways affected by aging, management 
of ROS may be signifi cantly implicated in osteo-
blast function and aging.

The Aging Phenotype and Defects in 
Mineral Metabolism

Other models for accelerated aging phenotypes, 
where the responsible genes are apparently not 
directly involved in genomic integrity, also exist. 
Mice carrying hypomorphic mutations of the 
gene, Klotho, show multiple aging phenotypes 
(91). In klotho mice (kl/kl), both bone formation 
and resorption are reduced, indicating a low turn-
over of bone metabolism resembling human 
osteoporosis (92). Although neither osteoblasts 
nor osteoclasts express the kl gene, ex vivo cul-
tures of osteoblastogenesis and osteoclastogenesis 
show reduced differentiation independently in 
both lineages. This is a unique model for senile 
osteoporosis in humans, in contrast to the canoni-
cal progeroid models. Recently, the molecular 

functions of KL protein have been reported. 
The protein, which is structurally similar to β-
glucosidase, possesses β-glucuronidase activity 
(93). KL protein acts as a co-receptor for IGF 
and is also required for FGF23 signaling through 
FGFR1 (94,95,96). FGF23 has been identifi ed as a 
gene responsible for autosomal dominant hypo-
phosphatemic rickets and is suggested to play 
an important role in phosphate metabolism as 
a hormone, a candidate for phosphatonin (97). 
FGF23 knockout mice also exhibit a premature 
aging-like phenotype (98). Interestingly, the mice 
have elevated serum levels of vitamin D and 
hyperphosphatemia, and a part of the aging phe-
notype was rescued by lowering the vitamin D 
levels (98–100). It is therefore suggested that 
control of the phosphate-regulating system by 
FGF23-KL is associated with the aging phenotype 
including osteoporosis. Notably, PHEX (phosphate-
regulating gene with homology to endopeptidases 
on the X chromosome) is highly expressed in 
osteocytes (101–104), of which number declines 
with age as well as with post-OVX and mechanical 
unloading (105–107). Conceivably, osteocytes 
may be implicated in phosphate metabolism and 
senile osteoporosis, although the model directly 
demonstrating its function is not yet described.
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What Mouse Models Teach

It has been recently described that mice defi cient 
for molecular clock genes, such as Per1/2, Cry1/2, 
and BMAL1, exhibit increased bone mass with 
elevated bone formation (108). The clock compo-
nents inhibit osteoblast proliferation triggered 
by CREB activation responding to signals from 
sympathetic neurons. In contrast, it has also 
been reported that BMAL1 knockout mice have 
impaired circadian rhythms and display a prema-
ture aging phenotype, including decreased bone 
mass (109). Although these apparently opposite 
observations might be owing to age differences 
(increased bone mass at 2 months; decreased at 
40 weeks of age, compared to wild-type controls), 
bone phenotype is largely affected by many factors 
including mobility. Thus, the same mouse can tell 
different stories. Whereas decreased bone mass 
is a major indication of the aging phenotype as 
mentioned, age-related structural and functional 
alterations are seen not only in bone, but also in 
other tissues and organs as well. Senile osteopo-
rosis has been recognized as a secondary osteopo-
rosis and not essentially caused by cell autonomous 
effects of age-related bone cell dysfunction, but 
may be secondary to age-related decline of mineral 
metabolism or hormonal regulation, as well as 
neuronal and/or gonadal dysregulation. Never-
theless, these models inform us of the molecular 
mechanisms involved in bone biology, especially 
the molecular and cellular basis of bone patho-
physiology, and include the possibility that cell 
autonomous bone defects may be implicated, at 
least in part, in the pathogenesis of senile osteo-
porosis. Furthermore, the described genetically 
defi ned models can be useful for elucidation of the 
underlying mechanisms in pharmacological and 
other therapeutic-targeting studies.
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Senile Osteoporosis as a Geriatric Syndrome
Rujuta H. Patel and Kenneth W. Lyles

Introduction

With the rise in the aging population, osteoporo-
sis has become a major health burden. From 50 
years of age onward, 4 in 10 women will have a 
hip, vertebral, or forearm fracture. And in the 
years to come, they are more likely to die from 
complications as a consequence of fracture rather 
than from breast cancer. Although osteoporosis 
is viewed as a disease occurring in post-meno-
pausal women, men account for 30% of hip 
fractures worldwide (1). More importantly, 
osteoporosis causes a greater health burden in 
older people. Billions of dollars are spent each 
year in the US on acute and long-term care 
required for people who sustain osteoporosis-
related fractures (2). Globally, osteoporotic frac-
tures caused an estimated 5.8 million disability 
adjusted life years in the year 2000 (3). This fi gure 
is expected to increase worldwide as the popula-
tion ages.

Fractures, as a result of osteoporosis, consume 
a signifi cant proportion of healthcare resources. 
Recently, the annual cost of all osteoporotic frac-
tures in the US has been estimated to be $20 
billion (2). In 1995, more than 400,000 hospital-
izations, 3.4 million outpatient visits, and 179,000 
nursing home admissions were a direct conse-
quence of osteoporotic fractures (1). Hip frac-
tures have the highest morbidity and mortality. 
Almost all of the hip fractures occur after a fall; 
80% occur amongst women and 90% occur in 
people over the age of 50 (2). People with hip 
fractures have 12–39% higher mortality in the 
immediate following year compared to the same 

age population; 13–50% of survivors are not able 
to walk after the event and 12–20% of the survi-
vors need nursing home placement (2). Vertebral 
fractures are the most common osteoporotic 
fractures. Many are not recognized clinically. 
Whether recognized clinically or not, they cause 
pain, height loss, deformity, and increased risk 
for further fractures (4).

Osteoporosis in older persons should be dis-
tinguished from the typical post-menopausal, 
hormone-defi cient increase in bone turnover, 
which is the primary focus of most of the litera-
ture in the fi eld. First, with advanced aging there 
are clear changes in the ability of the aged marrow 
such that mesenchymal stem cells are more likely 
to differentiate into adipocytes, rather than osteo-
blasts or even myoblasts. This leads to the accu-
mulation of fat in the marrow with less bone 
formation during skeletal remodeling (5). Second, 
the loss of muscle mass with aging (“sarcope-
nia”), and the relative decrease in physical activ-
ity, leads to reduced loading of the aged skeleton, 
and ultimately reduced bone formation and 
increased resorption (6). Furthermore, as falls 
increase dramatically with aging, trauma to an 
already fragile skeleton is the formula for the 
extremely high risk for osteoporotic fracture with 
aging (7).

Epidemiology

Fractures in the spine, hip, and distal forearm 
are considered typically osteoporotic fractures. 
But there is a changing trend in such notions 
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that is supported by recent studies indicating 
that numerous other fracture sites need to 
be con sidered under the umbrella of osteo                                                           -
porosis (8). Table 6.1 lists fracture sites that 
fall within the osteoporotic realm. Among these 
fractures, hip fractures are more prevalent in 
older populations with incidence rising from 
22.5 and 23.9 per 100,000 population at age 50 
to 630.2 and 1289.3 per 100,000 population 
by age 80, for men and women respectively 
(9–11).

Low skeletal bone mass at any location is asso-
ciated with an increased incidence of fracture. 
Other risk factors increasing fracture risk include 
advanced age, low body mass index (BMI), history 
of osteoporosis from the maternal side, smoking, 
rheumatoid, arthritis, glucocorticoid use, more 
than 3 alcohol drinks daily, and most importantly 
previous history of fractures (12). Recent studies 
also implicate a reduction in leg muscle mass 
as an additional contributor to fractures in 
older persons (6). Glucocorticoid-induced osteo-
porosis (GIOP) is a predictable complication of 
prolonged steroid use. The loss in bone mass, as 
an out    come of chronic steroid use, occurs in the 
fi rst 6 months of treatment, and the risk of frac-
ture increases in the fi rst 3 months of steroid 
therapy.

Oral glucocorticoids are taken by 1% of the 
population and 2.5% of those over age 75 years, 
thus elderly patients on glucocorticoids amplify 
their increased risk of fractures (13). Current 
guidelines for the treatment of GIOP indicate that 
all patients who require more than 5 mg/day of 
glucocorticoid for a period of longer than 3 
months should be treated with 1500 mg/day of 
calcium, 800 IU/day of vitamin D, and an oral 
bisphosphonate. These patients should have a 

dual-energy X-ray absorptiometry (DXA) scan 
prior to beginning steroid treatment to establish 
a baseline (14).

Pathophysiology

The National Institute of Health (NIH) defi nes 
osteoporosis as a disease of increased bone frailty 
in addition to low bone mineral density (BMD) (a 
T score below −2.5) and micro-architectural 
decline (15). Certain physical signs maybe useful 
in recognizing patients with osteoporosis (Table 
6.2). However, osteoporotic fractures result from 
a combination of decreased bone strength and 
falls. Several measures, in addition to the BMD, 
affect the skeletal fracture rate. These include 
macro-architecture (form and geometry), micro-
architecture of trabecular and cortical bone, 
amount of mineralization, bone turnover, and 
sequential micro-damage (2).

The bone mass acquired during intrauterine 
life signifi es the peak bone mass built in child-
hood and puberty stages with contrast to the 
simultaneous rate of bone loss. Even though 
genetic elements have a strong infl uence in 
achieving peak bone mass, environmental factors 
alter the pattern of bone growth determined by 
genes (2).

At the cell level, a disparity between the activity 
of osteoclasts and osteoblasts contributes to bone 
loss. There is continuous remodeling in an adult 
skeleton where bone resorption is followed by 
bone formation. If these two processes are not 
coordinated, there may be remodeling discrep-
ancy exaggerated by an increase in the rate of new 
bone remodeling cycles (activation frequency) 

TABLE 6.1. Fractures That Should Be Included as Osteoporotic, in 
Descending Anatomical Order (4)

Proximal humerus Femoral diaphysis
Distal humerus Patella distal femur
Olecranon Bi-malleolar ankle
Proximal radius and ulna Tri-malleolar ankle
Distal radius Thoracolumbar vertebrae
Proximal femoral Pelvis
Sub-trochanteric Multiple fractures

TABLE 6.2. Physical Signs Suggesting the Presence of Osteoporosis 
or Vertebral Fractures (54)

Loss of height greater than 2 inches
Wall-occiput distance greater than 0 inchesa

Rib-pelvis distance less than 2 fingerbreaths
Fewer than 20 teeth
Weight less than 51 kg (112 lb)

a While standing with back and heels to the wall, the distance between the 
occiput and wall in a horizontal plane.
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(2). With aging the rate of bone resorption 
increases, but the bone formation rate is not 
increased, and in fact, declines, so there is no bone 
loss over time.

Estrogen defi ciency, in post-menopausal 
women, facilitates bone loss. Estrogen has a vital 
role in physiological remodeling and estrogen 
defi ciency in the post-menopausal state results in 
plasticity, inequity of remodeling, and signifi cant 
increase in bone turnover. This divergence leads 
to a progressive loss of trabecular bone. Estrogen 
negatively regulates osteoclastogenic proinfl am-
matory cytokines, such as interleukin (IL)-1 and 
tumor necrosis factor (TNF). Thereby, an estro-
gen-defi cient setting enhances elaboration of 
these osteoclastogenic proinfl ammatory cyto-
kines, which in turn encourage osteoclastogenesis 
(2) (Figure 1.3).

Age-related bone loss is a complex phenome-
non with multiple factors involved in the patho-
genesis. Studies show a slow and consistent 
decline in BMD after the third decade of approxi-
mately 0.5% per year. Women experience accel-
erated bone loss of approximately 3–5% per year 
during menopause. In men the decline in bone 
mass is gradual until quite late in life, when the 
risk for fractures increases rapidly. Age-related 
bone loss is a mixture of several factors such as 
changes at the cellular level, including dimin-
ished osteo blastogenesis, shortened osteoblast 
life span, and increased adipogenesis (16). In 
addition to this there are hormonal alterations, 
including decreased levels and activity of sex 
steroid hormones, reduced vitamin D level, 
declining renal function leading to lower level of 
active form of vitamin D3, and increased levels 
of parathyroid hormone (PTH) (16). Osteoporo-
sis in men appears to result from cellular and 
hormonal changes that include lower levels of 
testosterone, dehydroepiandrosterone (DHEA), 
and insulin-like growth factor (IGF)-1, with sub-
sequent lower osteoblast activity and higher 
osteoblast apoptosis. Recent evidence suggests 
that estrogen is essential for bone health in 
men as well as women. Further exploration is 
required to explain the precise roles of these 
factors in the decline of BMD and high fracture 
rates in men after the seventh decade of 
life (17).

Research in the last several years lends valu-
able insight into the cellular basis of bone remod-
eling. The key regulators of osteoclastic bone 
resorption are receptor activator of NFκB 
(RANK), its ligand (RANKL), and the decoy 
receptor osteoprotegerin. The osteoblasts express 
RANKL on their cell surface; RANKL interacts 
with its corresponding receptors. RANK is present 
on osteoclast precursors and facilitates osteoclast 
maturation. The interface between RANKL and 
RANK on mature osteoclasts stimulates the acti-
vation and prolonged survival (Figure 1.3). Osteo-
protegerin is present in the skeletal milieu and 
generated by osteoblasts and stromal cells. Osteo-
protegerin inhibits the interaction between RANK 
and RANKL, thus acting as a regulator of bone 
turnover. Estrogen exerts part of its anti-resorp-
tive effect on bone by exciting osteoprotegerin 
expression in osteoblasts (2). More recently, a 
new system of osteoblast-osteoclast coupling has 
been reported. This system, which is known as 
Ephrin signaling (18), involves a bidirectional 
signaling between osteoblasts, which express 
EphrinB4, and the osteoclasts which express 
EphrinB2. The interaction between Ephrin 2 
and 4 activates a signaling from osteoclasts to 
osteoblasts that is responsible for driving the 
formation of the new bone packet (Figure 6.1). 
Additionally, this interaction is responsible 
for the cessation of continued bone resorption. 
Since this interaction is not as dependent on the 
presence of estrogens as the RANK-RANKL 
system, a new role of the Ephrin interaction is 
being assessed in the pathogenesis of age-related 
bone loss.

A common feature seen in both males and 
females with osteoporosis is a defi cit in osteoblas-
togenesis and osteoblastic activity (16). This 
defi cit is known to be caused by several factors 
including a reduced number of stromal precur-
sors in the bone marrow, a decreased osteoblas-
togenesis at the expense of adipogenesis, and 
increased osteoblast/osteocyte apoptosis (19). 
The end result of these age-related changes is that 
a lower number of osteoblasts will be available at 
the bone-remodeling unit to replace the bone that 
has been resorbed by active osteoclasts, which 
explains the constant defi cit in bone formation 
observed in age-related bone loss (16,19).



74 R.H. Patel and K.W. Lyles

Diagnosis

With aging, the burden of chronic diseases 
increases, and this contributes to the observed 
reduction in function that occurs. Although 
there has been an increased awareness of the 
need for screening for osteoporosis in addition 
to attending to all of the other chronic diseases 
that affect older persons, generally speaking, 
osteoporosis is under-diagnosed and under-
treated in elderly individuals (20). Screening for 
the risk of osteoporosis in seniors has been facil-
itated by the improved access to bone densitom-
etry that resulted from Medicare approval for 
this procedure. However, fracture risk may also 
be assessed without the need for BMD testing 
(21). In fact, the Rotterdam Study showed that 
although the incidence of hip fracture increased 
13-fold from the age of 60 to 80 years, the reduc-
tion in BMD accounted only for a small part of 
this increase (22). Additionally, fall risk assess-
ments should be done in concert with fracture 
risk assessments in older persons (23), as dem-
onstrated in several studies (24) where the risk 
of fracture was determined not only by BMD and 
other skeletal risk factors, but also by factors 
associated with physical frailty and an increased 
risk of falls (21).

Treatment

Vitamin D is recognized as a critical factor in 
maintaining normal serum calcium levels by 
enhancing gastrointestinal absorption of calcium 
and phosphorus. Low serum 25 hydroxyvitamin 
D levels (the measure of vitamin D status) are low 
in all segments of the population, students, hos-
pitalized patients, hip fracture subjects, and resi-
dents of long-term care facilities. Vitamin D 
insuffi ciency causes secondary hyperparathy-
roidism, bone loss, and muscle weakness (25). 
There are studies showing that the traditional 
400 IU of vitamin supplementation is inadequate 
to bring serum 25 hydroxyvitamin D level into 
the recommended range (26). A complete review 
on the rationale for the use of vitamin D in 
osteoporosis and falls is included in Chapter 3 of 
this book.

The prevention of falls is crucial because most 
fractures occur after a fall. This is especially true 
for the geriatric population, which is the fastest-
growing age group and the group with the greatest 
fall risk. Recent studies indicate that calcitriol 
[1,25-dihydroxyvitamin D, 1,25 (OH)2D] may be 
useful in preventing falls in older women with a 
glomerular fi ltration rate (GFR) less than 60 mL/
minute (27). Furthermore, correction of vitamin 
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FIGURE 6.1. Ephrin signaling regulates osteoclast-osteoblast bi-directional interaction (18).
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D defi ciency with standard cholecalciferol has 
been shown to reduce the risk of falls in older 
individuals (28). Higher doses may be required 
than traditionally considered (29). Medications 
should be reviewed to avoid those that increase 
the risk of falls. Homes need to be evaluated for 
unstable hazards such as throw rugs and smooth 
surfaces. Some studies have shown that hip 
protectors can reduce the risk of fracture from 
a fall; however, patient compliance remains an 
issue (30).

Physical activity early in the formative years of 
life contributes to the peak bone mass. Regular 
exercise and weight-bearing activities may help 
improve gait, thus diminishing the risk of falls 
(31). Research shows that exercise can reduce the 
risk of falls by approximately 25% in frail older 
persons. Studies indicate that load-bearing exer-
cises are valuable in increasing bone mass when 
compared to other activities. The high-impact 
exercises boost the BMD by 1–2% at some but not 
all the sites in the skeleton. The augmentation in 
the bone density is maintained after stopping the 
exercise. Some evidence has been accumulating 
that loading the skeleton with low-magnitude 
stimuli at high frequency may increase bone 
density (32). After a vertebral fracture, an orga-
nized exercise program is recommended in older 
individuals to preserve the strength and elasticity 

of the spine. However, no organized studies show 
that exercise programs lessen the fracture risk, at 
any age (33).

The drugs used for the treatment of osteoporo-
sis may be classifi ed based on their mechanisms 
as anti-resorptive agents (reduce bone resorp-
tion) and anabolic agents (stimulate bone forma-
tion). The majority of approved therapies for 
osteoporosis target bone resorption, rather than 
bone formation. As such, although fracture reduc-
tion has been demonstrated with many anti-
resorptive agents, perhaps a more logical approach 
to drug therapy in older persons would be to stim-
ulate bone formation, as is the case for teripara-
tide (34) and possibly strontium (35).

The anti-resorptive medications include 
calcium, vitamin D, hormone therapy, bisphos-
phonates, selective estrogen-receptor modulators, 
and calcitonin (36). Although the active form of 
vitamin D (1,25(OH)2D3) has been recently 
reported to have an anabolic effect in bone (37), 
the only currently approved anabolic agent is 
PTH. Clinical trials have employed intact PTH 
(hPTH 1–84) and a 34 amino acid peptide (hPTH 
1–34) commonly known as teriparatide (34). Table 
6.3 lists the frequently used medications for osteo-
porosis treatment in the United States.

Although several clinical trials have tested the 
effectiveness of anti-resorptives in osteoporosis in 

TABLE 6.3. Commonly Used Medications for Osteoporosis Treatment in the United States (2)

Drug Type Route of Administration Dosage Average Wholesale Price per 30-Day Supplya

Estrogen Oral 0.3 mg/day
0.45 mg/day
0.625 mg/day
0.9 mg/day
1.25 mg/day

$8.49 (multi-pack)
$34.60 (multi-pack)
$36.41
$14.00 (multi-pack)
$40.05

SERM Raloxifene Oral 60 mg/day $96.00

Salmon calcitonin Intranasal 200 IU/day in alternating nostrils $77.95

Bisphosphonates
 Alendronate
 
 Risedronate

 Ibandronate

Oral

Oral

Oral

5–10 mg/day
35–70 mg/week
5 mg/day
35 mg /week
2.5 mg/day
150 mg/month

$82.63 (5 mg) $107.51 (10 mg)
$82.65 (35 mg) $86.09 (70 mg)
$82.63
$86.09
$80.50
$78.50

Anabolic therapy PTH 1–34 Intravenous injection 20 mg/day $543.60

Strontium Oral 2 gm/day $55.60

a Correct as of October 2005.
SERM, selective estrogen-receptor modulator; PTH, parathyroid hormone.
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the elderly, very few have been tested in the very 
old and frail population older than 75 years of age. 
Additionally, most of the clinical trials have 
focused on the prevention of vertebral fractures, 
which are more common in “younger” post-
menopausal patients in contrast with non-verte-
bral fractures, which are more prevalent in older 
populations and in osteoporotic men. Here, we 
will review some evidence that has come out of 
these trials with emphasis on the prevention of 
fractures in older populations.

The fi rst and most remarkable study that showed 
the effi cacy of calcium and vitamin D included a 
high-risk group of 3270 elderly women in residen-
tial care. These women were treated with 1200 mg 
calcium and 800 IU of vitamin D for 18 months. 
The trial showed a 43% reduction in hip fractures 
and 32% decrease in total non-vertebral fractures 
(38). A successive trial involved 2686 people living 
in the community. This study examined the role 
of oral cholecalciferol 1,000,000 IU given every 4 
months for a total of 5 years. The results showed a 
reduction in the risk of hip, wrist, forearm, or ver-
tebral fractures by 33% when compared with a 
placebo. The RECORD trial included 5292 ambula-
tory patients who had sustained a recent low 
trauma fracture. These patients were randomized 
to calcium alone, vitamin D (800 IU alone), com-
bined calcium and vitamin D, or a placebo. The 
results did not show a signifi cant difference in 
fracture rates between the four groups; however, 
the analysis was limited by the low compliance and 
lack of baseline vitamin D levels. A meta-analysis 
later concluded that the vitamin D decreased the 
risk of hip fractures by 26% and non-vertebral 
fractures by 23% in subjects who were defi cient in 
vitamin D (39). Vitamin D in an 800 IU daily dose 
should be provided to all patients with osteoporo-
sis and those at risk for developing it.

The role of post-menopausal hormone replace-
ment therapy in the treatment of osteoporosis is 
controversial after the publication of Women’s 
Health Initiative (WHI) study (40). The WHI trial 
showed an increased incidence of cardiovascular 
events with combined hormone therapy, espe-
cially if the women were older than 70 years at the 
time of initiation of therapy. The study also 
showed a higher event of breast cancer and stroke 
in patients who were using the combined hormone 
therapy. Currently, estrogen therapy is approved 

for osteoporosis treatment only in women who 
are experiencing menopausal symptoms such as 
hot fl ashes. If estrogen is used, it must be given at 
the lowest possible dose for the shortest time, 
usually 2 years (2).

Selective estrogen receptor modulators are 
structured based on their ability to attach to the 
estrogen receptor, thus modifying the action in 
the cell by affecting the cellular transcription. The 
selective nature of these drugs results in mimick-
ing the effects of estrogen in the body but avoiding 
the adverse effects of estrogen, such as increased 
risk of breast cancer and endometrial hyperplasia. 
At present, raloxifene is the only selective estro-
gen receptor modulator approved for treatment 
of osteoporosis in postmenopausal women (41). 
In the phase III study of 7705 post-menopausal 
women, raloxifene 60 mg daily decreased the rate 
of vertebral fractures by approximately 50% in 
people without prior fractures and by 34% in 
women with previous vertebral fractures. Raloxi-
fene is associated with a threefold increment in 
the risk of deep vein thrombosis, pulmonary 
embolism, and retinal venous clots. Raloxifene 
also increases hot fl ashes (42).

Salmon calcitonin has been studied in a double-
blinded randomized controlled trial. The mini mum 
dose of calcitonin required to produce a notewor-
thy effect on BMD is 200 IU intranasally daily. Cal-
citonin is less effi cient in prevention of cortical 
bone loss compared to cancellous bone loss. A 
small controlled study in women with osteoporosis 
showed a decline in new fractures in persons taking 
calcitonin. In the PROOF (Prevent Recurrence Of 
Osteoporotic Fractures) study, which was a 5-year 
double-blinded randomized placebo controlled 
study of 1255 post-menopausal women with osteo-
porosis, intranasal calcitonin 200 IU per day 
decreased the threat of vertebral but not peripheral 
fractures by approximately 30% when compared to 
the placebo (42). Salmon calcitonin is well toler-
ated, with minimal side effects such as rhinitis and 
rarely epistaxis. There is ongoing research to 
develop long-acting oral salmon calcitonin. The 
evidence for salmon calcitonin as an anti-
resorptive agent is not strong and does not com  -
pare to the effi cacy of bisphosphonates (43).

Bisphosphonates have become the mainstay for 
the treatment of osteoporosis in the last decade. 
Clinical trials involving bisphosphonates have 
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shown a reduction in vertebral fractures by 
40–50% and non-vertebral fractures by 20–40% 
(44). Bisphosphonates are pyrophosphate analogs 
that act as bone-specifi c anti-resorptive agents. 
Bisphosphonates reduce osteoclast-mediated 
bone resorption by inhibiting farnesyl diphos-
phate synthase in the cholesterol mevalonic acid 
pathway, which is vital in protein prenylation 
(Figure 6.2). This process affects multiple intra-
cellular functions, including membrane integrity 
at the ruffl ed border in the osteoclasts and arrange-
ment of the cytoskeleton.

Bisphosphonates are poorly absorbed from the 
gastrointestinal tract; approximately 0.6–0.7% of 
the total dose is absorbed through the gastric 
mucosa. Bisphosphonates have to be adminis-
tered on an empty stomach for best results. After 
absorption, they are either taken up by the active 
resorbing surfaces on the bone (50%) or are 
excreted in the urine (50%). Current bisphospho-
nates approved for the treatment of osteoporosis 
in the United States are alendronate, ibandronate, 
and risedronate. Alendronate was the fi rst 
bisphosphonate approved for treatment of osteo-
porosis in the United States. Risedronate was the 
second bisphosphonate approved by the Food 
and Drug Administration (FDA) for the treatment 
of post-menopausal osteoporosis in the United 
States (44). Studies have been conducted to test 
the effi cacy of risedronate in cutting the risk of 
fractures in women aged 80 years and older who 
have osteoporosis. After 1 year, the rate of new 

vertebral fractures in the risedronate group was 
81% lower when compared to the placebo group 
(P < 0.001). The number of women who needed to 
be treated to avoid one new vertebral fracture 
after 1 year was 12. These conclusions from the 
research provide proof that even in the extreme 
of age, decreasing bone resorption is an effective 
tactic to manage osteoporosis (45).

One of the major diffi culties with the use of 
these drugs is the upper gastrointestinal irritation 
as a result of recurrent and lengthy contact of the 
drug with the esophageal mucosa. This led to 
debate about degree of compliance in clinical 
practice when compared with placebo-controlled 
trials. Because of market research showing that 
nearly 90% of physicians and patients preferred a 
weekly therapy, clinical trials were held to show 
the effi cacy of a weekly dosing regime when com-
pared to daily dosing in terms of increase in BMD 
and stemming bone turnover. This led to the 
introduction and endorsement of weekly dosing 
regimes for alendronate and risedronate. Iban-
dronate is available as a monthly pill and quar-
terly intravenous (IV) formulation (45). In 
addition, Ibandronate (Boniva—Roche) is the 
fi rst bisphosphonate backed up by the FDA for IV 
treatment of osteoporosis in post-menopausal 
women. It can be administered as a bolus injec-
tion once every 3 months. Ibandronate is also 
available as once per month 150-mg pill or 2.5-mg 
daily tablet. Ibandronate, like other bisphospho-
nates, inhibits osteoclastic action and diminishes 
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FIGURE 6.2. For proposed mechanism of action of bisphosphonates (From N Engl J Med 2002;346(9):642).
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bone resorption, in turn enhancing bone mass. 
Approximately 40–50% of IV ibandronate attaches 
to the bone, and the remaining 40–50% is elimi-
nated unchanged in urine. There are no studies 
showing that IV ibandronate decreases the frac-
ture rate. FDA endorsement was based on a study 
showing that IV ibandronate was “not inferior” to 
the oral form of the drug in increasing BMD. A 
temporary acute phase reaction including fever, 
joint pain, and/or myalgias has been reported 
with IV use of ibandronate, most commonly with 
the fi rst dose. Zoledronic acid and pamidronate 
are parenteral bisphosphonates approved by the 
FDA for the treatment of hypercalcemia of 
malignancy and multiple myeloma; they have 
been used off-label for the treatment of post-
menopausal osteoporosis (46). Osteonecrosis of 
the jaw has been linked with the use of high doses 
of IV bisphosphonates in patients with multiple 
myeloma and breast carcinoma, and is reported 
to occur in up to 10% of these patients (47). Osteo-
necrosis of the jaw occurs less frequently (patient 
per 100,000 treated) in subjects who use oral 
bisphosphonates to treat osteoporosis (48).

Pamidronate was developed in the 1980s before 
the launch of alendronate, ibandronate, and rise-
dronate. It has not been approved for treatment 
of osteoporosis in the United States. Its current 
indication for use includes treating hypercalcemia 
of malignancy and Paget’s disease. Pamidronate 
has been used off-label to treat osteoporosis, espe-
cially in patients who cannot swallow, sit upright 
for 30 minutes, or with other signifi cant gastroin-
testinal tract problems. There are at present no 
randomized controlled trials showing effi cacy of 
pamidronate on fracture rates. Side effects include 
myalgia and infl uenza-like illness. These reactions 
occur in 20–25% of patients during infusion and 
are transient (49).

Of all the available bisphosphonates, zoledronic 
acid produces the most effective inhibition of the 
osteoclasts in vitro. At high doses, zoledronic acid 
produces adverse renal effects as confi rmed by 
increase in serum creatinine. Because of the unde-
sirable outcome, the recommended dose was 
decreased to 4 mg and the time of intravenous 
infusion was increased from 5 to 15 minutes. A 
phase II trial evaluated different dosing regimens 
of IV zoledronic acid (0.25, 0.5, or 1 mg at 3 month 
intervals, 2 mg biannually, and 4 mg annually) 

with placebo over the period of 1 year in 351 post-
menopausal women with a BMD of T score less 
than −2.0. All the women in the study were sup-
plemented with calcium 1000 mg/day. After 1 year 
there was a signifi cant increase in both lumbar 
spine BMD and femoral neck BMD, P value of 
less than 0.001 in all regimes versus placebo. At 
present, a study is underway to evaluate the anti-
fracture effi cacy of zoledronic acid in the treat-
ment of osteoporosis. Zoledronic acid should be 
used with vigilance when administered with other 
nephrotoxic drugs because of the danger of 
worsening renal function. Simultaneous use with 
loop diuretics can increase the risk of hypocalce-
mia (50).

PTH is the fi rst anabolic therapy for osteoporo-
sis approved by the FDA in the United States. The 
use of PTH can seem paradoxical given its effect 
of bone loss in hyperparathyroidism. Experiments 
in animals have suggested that the method of 
delivery decides whether the action of the hormone 
is anabolic or catabolic. The exact mechanism by 
which once daily dosing of the hormone generates 
new bone formation is unclear. It has been postu-
lated that the effect is caused by the modulation 
of IGF-1 and the RANK/RANKL/osteoprotegerin 
(OPG) system. Clinical trials have been done with 
both intact PTH (hPTH 1–84) and with 34 amino 
acid peptide (hPTH 1–34), now called teriparatide 
(37). Teriparatide is the only FDA-approved treat-
ment for osteoporosis that augments bone mass 
and decreases risk for fracture by stimulating 
osteoblastic activity and furthering bone forma-
tion, as opposed to bisphosphonates and other 
therapies, which slow down bone resorption. 
hPTH I-84 Also amplifi es bone bulk and trims the 
risk of vertebral fractures, but the fracture data 
has not been made public and it is not endorsed 
by the FDA. A review by Cranney and associates 
shows that daily administration of PTH for 12–18 
months improves bone mass and, among post-
menopausal women, lowers the vertebral and 
non-spine fracture risk. The review included 
patients with severe osteoporosis and concluded 
that PTH increases the BMD of the lumbar spine 
and femoral neck (16). A recent study using terip-
aratide in the treatment of post-menopausal 
osteoporosis demonstrated that the skeletal res-
ponse of teriparatide is largely independent of 
age and original BMD (17).
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Results from a phase III trial with teriparatide 
in 1637 post-menopausal women showed a 65% 
reduction in new vertebral fractures and a 53% 
reduction in non-vertebral fractures (2). Teripa-
ratide is approved for use at a dose of 20 µg/day 
subcutaneously for 2 years in women with osteo-
porosis who are an elevated risk of fracture and 
who have failed or are not able to endure other 
therapies. PTH 1–34 is approved for use in men 
as well for the treatment of osteoporosis caused 
by primary or secondary hypogonadism. Teripa-
ratide is well tolerated; it can occasionally cause 
leg cramps and dizziness. The safety of teripara-
tide has not been probed beyond 2 years. There is 
“black box” warning for teriparatide because of 
incidence of osteogenic sarcoma in rats exposed 
to a lifetime therapy (15).

BMD begins to decline after terminating treat-
ment with teriparatide. This has led to the hypoth-
esis that intermixing two different anti-resorptive 
agents may result in a synergistic effect. Studies 
are being conducted at present to test this theory. 
There is current information on joint effects of 
PTH and hormone replacement therapy and alen-
dronate with PTH. The use of PTH and hormone 
replacement therapy has produced noteworthy 
increase in BMD when compared with a placebo 
(P < 0.05). One study found that a combination of 
PTH and alendronate diminished both the BMD 
and the bone marker response when compared to 
using PTH alone. The assumption was that alen-
dronate being a potent anti-resorptive agent sup-
pressed the osteoblast turnover, thus diminishing 
the PTH effect (15).

Future/In the Pipeline

Strontium ranelate is a new agent that is approved 
in the European Union for the treatment of post-
menopausal osteoporosis. Its mode of action 
currently remains unknown. In a phase III trail 
among 1649 post-menopausal women, strontium 
ranelate lessened the risk of new vertebral frac-
tures by 49% after 1 year and by 41% over 3 years 
(35). Strontium ranelate is well tolerated aside 
from some gastrointestinal effects and unex-
plained increase in venous thrombosis. This 
drug is not approved for use in the United 
States.

Realization of the RANKL mechanism connect-
ing the osteoblasts and osteoclasts has opened a 
new horizon for the treatment of osteoporosis. 
Denosumab (52) is a fully human monoclonal 
antibody with a high affi nity for RANKL. The 
joining of this antibody to RANKL inhibits the 
RANKL from interacting with its receptor, which 
in turn interferes with osteoclast differentiation. 
This suppressive effect is long lasting, and in a 
phase II trial, twice-yearly injections increased the 
BMD at the hip similar to that seen with alendro-
nate. A phase III trial is now underway (2).

A forthcoming challenge is to recognize risk 
factors that can give us tools to calculate the frac-
ture risk for the future. This will impact several 
developing regions of the world where the risk 
factors can be used to foretell individuals at a 
higher risk of developing osteoporotic fractures 
independent of the BMD test. Professor John 
Kanis and his colleagues are working on such a 
model in conjunction with the World Health 
Organization, National Osteoporosis Foundation, 
and the International Osteoporosis Foundation. 
Risk factors such as age, prior history of a frac-
ture, family history of osteoporotic fracture, 
smoking history, steroid use, alcohol use, and 
rheumatoid arthritis are being taken into consid-
eration in order to develop a set of guidelines that 
will be able to predict the 10-year fracture risk for 
men and women worldwide (53).

In summary, osteoporosis in older adults mani-
fests differently than post-menopausal osteoporo-
sis in multiple ways. From its pathophysiology to 
its therapeutic approach, senile osteoporosis is a 
geriatric syndrome that, as with all other geriatric 
syndromes, requires a complete understanding of 
its particular characteristics and its potential bio-
logical, functional, and social consequences in 
the older population. Only after understanding 
the particularities of this syndrome will we be able 
to approach it from a multi-dimensional perspec-
tive where the prevention of falls and fractures 
should be the most important goal of the health 
professional.
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7
Genetics of Osteoporosis in Older Age
David Karasik and Douglas P. Kiel

Osteoporosis results from a failure to acquire 
optimal peak bone mass during growth (1) and/or 
to maintain bone mass in later years. There are 
two backgrounds for the pathophysiology of invo-
lutional osteoporosis: a rapid bone loss after 
menopause as a result of estrogen withdrawal, 
and a gradual age-related bone loss thereafter. 
Women experience a more rapid phase of bone 
loss after the menopause, caused mainly by estro-
gen defi ciency (2,3), but a less rapid bone loss 
persists in older persons, in both men and women 
(4,5). Some authors thus distinguish between 
two types of pathophysiology of osteoporosis: 
menopausal and age-related (“senile.”).

Bone health in old age depends on a suscepti-
bility to osteoporotic fractures, which seems to be 
dependent on genetic factors (heritable). The 
genetic contribution to involutional osteoporosis 
is substantial and has been extensively studied. 
With recent advances in the elucidation of the 
mechanisms involved in osteoporosis, there is a 
recognition that the two types of syndromes may 
have different genetic components. Genetic con-
tributions to fractures and fragility in elderly 
persons in comparison with younger individuals 
distinguish age-related osteoporosis.

The susceptibility to fractures depends on 
many factors, including non-skeletal ones such 
as propensity to fall, diminished soft tissue 
cushion, and so on. The most reliable predictor of 
fracture is bone mineral density (BMD). This is 
also evident in the World Health Organization 
(WHO) defi nition of the osteoporosis (“low bone 
mass leading to structural fragility” [6]). In order 

to identify and quantify the genetic contributions 
to a complex disease, there is a need to defi ne 
an “endophenotype”. This is especially challeng-
ing in the case of osteoporosis, where the pheno-
type of interest is clinically occult until the 
“structural fragility” does ultimately manifest as a 
fracture (7).

In many complex diseases, an “upstream” 
intermediate measurable phenotype between 
genotype and disease is chosen as an endopheno-
type and serves as a target for gene mapping. 
These are usually well-known risk factors with 
pathophysiological importance, biological mean-
ings, and measurability before the onset of disease 
(8). Measurable endophenotypes belonging to 
simple biological pathways allow complexity 
reduction. Many traditional biochemical and 
endocrinologic measures (e.g., serum cholesterol, 
serotonin, insulin, and so on) fi t into this category 
(8). However, biochemical and endocrinologic 
markers are not generally used in osteoporosis 
genetics (9,10), despite advanced understanding 
of pathophysiologic pathways.

Combining several phenotypes by principal 
components or factor analysis or simultaneously 
testing more than one trait (bi- and multivariate 
analysis [11]) may also be considered as produc-
tive strategies (7). We proposed a composite 
clinical phenotypic measure (a principal compo-
nent score of BMD measures) as an endopheno-
type for the study of osteoporosis genetics (12). 
However, genes that contribute to variation in 
BMD evidently do not always contribute to 
osteoporotic fractures (7). For these reasons, the 
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“end-point disease” (e.g., osteoporotic fracture 
per se) may still be a valuable phenotype for 
genetic studies.

In this chapter, we will thus consider at least 
three domains of phenotypes that play a role in 
the osteoporosis of old age: fracture per se, BMD, 
and bone loss (measured as BMD change with 
age). Genetic factors contribute to all of these 
phenotypes, although genetics may contribute in 
unique ways to each of the phenotypes.

Heritability of Osteoporotic Fracture

Parental history of fracture (particularly a family 
history of hip fracture) confers an increased risk 
of fracture that is notably independent of BMD 
(13). Deng et al. have reported relatively low heri-
tability of wrist (Colles) fracture in older Cauca-
sian females (14), and a marginal heritability of 
hip fracture (15) in a sample of Caucasian pedi-
grees. In a cohort of 33,432 Swedish twins born 
from 1896 to 1944 (data from the Swedish Inpa-
tient Registry), the age-adjusted heritability of 
any osteoporotic fracture was 0.27 (95% confi -
dence interval [CI], 0.09–0.28) and of hip fracture 
alone, 0.48 (95% CI, 0.28–0.57) (16). Age-adjusted 
heritability was considerably greater for fi rst hip 
fractures before the age of 69 years (0.68; 95% CI, 
0.41–0.78) and between 69 and 79 years (0.47; 95% 
CI, 0.04–0.62) than for hip fractures after 79 years 
of age (0.03; 95% CI, 0.00–0.26) (16). Notably, a 
study of concordance of osteoporotic fractures in 
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a large sample of Finnish twin pairs did not fi nd 
heritability of fractures, apparently owing to an 
older age of the sample and failure to stratify the 
twin pairs by age groups (17).

Similarly, the risk of developing fracture for the 
offspring of patients with osteoporotic fractures 
was apparently higher at younger ages in a meta-
analysis of Kanis et al. (13). Figure 7.1 shows the 
risk ratios of fractures for the persons with paren-
tal history of any fracture, and those with family 
history of hip fracture in particular, by age (sexes 
combined). It is clear that risk ratios decline 
between the ages 65 and 85; thus, for example, the 
relative risk (RR) for having hip fracture in those 
with a parental history of hip fracture declines 
from 2.44 (95% CI, 1.27–4.68) to 1.33 (95% CI, 
0.87–2.02) in this period of adult life.

Shorter life expectancy in men compared to 
women (18) and relatively rare occurrence of 
“andropause” (the age-related hypogonadism 
affects only approximately 30% of aging males 
[19]) correspond to a lower life-long risk of osteo-
porotic fractures in men. It has been suggested, 
but remains to be determined defi nitively, that the 
larger skeletal size of men is a critical factor con-
tributing to their lower incidence of age-related 
fractures than women. Also, it is generally thought 
that men undergo a pattern of favorable geomet-
ric adaptation to a greater extent than women, 
and that this may contribute to lower fracture 
rates in elderly men than women (20–26). How-
ever, recent data from a cross-sectional study em -
ploying 3D-quantitative computed tomography 

FIGURE 7.1. Risk ratios of fractures with age, for persons with parental history of any fracture and specifically history of hip fracture, by 
type of fracture they suffered (sexes combined). Data from Kanis et al. (13).
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(QCT) challenge this paradigm, demonstrating 
that the extent to which bone geometry exhibits 
favorable geometric changes with aging is similar 
in men and women (27).

In any case, because men do not experience a 
process analogous to menopausal osteoporosis, 
they may serve better as a model of senile osteo-
porosis. However, the ease of recruitment of large 
cohorts of post-menopausal women such as the 
Study of Osteoporotic Fractures (SOF) and other 
samples (28), provides a more realistic chance of 
successful mapping of osteoporosis genes (29). 
The majority of studies dealing with genetics of 
osteoporotic fractures and osteoporosis-related 
phenotypes to date have been performed in this 
sex- and age group. Because bone loss is pro-
nounced in women, it is logical that associations 
with genetic factors are found more often in 
women (30). However, based on the previous 
observations, it may be more diffi cult to identify 
genes for fracture phenotype in this older age 
cohort, because the contributions of genes to frac-
tures seem to fade with age (13,16). On the other 
hand, because the incidence rates of fracture 
increase at an earlier age in women than men, this 
earlier age-at-onset of fractures affords an oppor-
tunity to recruit large samples of women.

Genetic Contribution to BMD

Although BMD has been commonly used as an 
endophenotype for fractures caused by osteoporo-
sis, the shared genetic variance between BMD and 
osteoporotic fractures is modest. Variance compo-
nent analysis suggested that less than 1% of addi-
tive genetic variance is shared between BMD and 
osteoporotic fractures at the hip (15). Studies of 
many candidate genes (such as estrogen receptor 
α [ESR1] [31], collagen 1 α 1 [Col1A1] [32], and 
insulin-like growth factor-I [IGF-1] [30,33]) con-
fi rmed this early observation that bone density 
and fractures have a different genetic milieu. Thus, 
a CA repeat polymorphism in the promoter region 
of the IGF-1 gene explained only a minor portion 
of the variance in BMD (0.2%) and BMD change 
(0.1%) among females (30), but noncarriers of the 
192-bp allele of this repeat polymorphism had 1.5 
(95% CI, 1.1–2.0) times increased risk of having 
fragility fractures in the same sample (33).

Similarly, the COL1A1 gene was originally pro-
posed as a candidate gene because it encodes type 
I collagen, the most abundant protein of bone 
(34). A meta-analysis of published data found a 
modest effect of the s allele on BMD (equivalent 
to 0.1–0.2 standard deviation decrease compared 
to the S allele) but a more prominent association 
with fracture risk (odds ratio [OR] 1.5 and 1.9 in 
Ss and ss compared to SS genotypes, respectively) 
(32). Taken together with the functional data 
mentioned previously, these results indeed suggest 
that COL1A1 Sp1 polymorphisms may affect 
some “bone quality” component, which is poorly 
refl ected by BMD alone.

However, because BMD at present is among 
the strongest risk factors for fracture (35,36) and 
thus remains a gold standard for assessment of 
fracture risk, most of the studies use BMD (in 
g/cm2) measured by dual-energy X-ray absorpti-
ometry (DXA) as a preferred phenotype. From 
the point of view of quantitative analysis, BMD 
also has a benefi t because it is a normally distrib-
uted trait. It is highly heritable, with genetic 
factors contributing up to 60–80% of the total 
variation in BMD (37,38). Multiple genome-wide 
linkage screens for genes underlying BMD variabi-
lity have been conducted in mice (39–41) and hu  -
mans (42–44), including a recent meta-analysis 
of human linkage studies (45). In our sample of 
330 Caucasian pedigrees from the Framingham 
Study Cohorts, we reported suggestive linkage of 
BMD at the femur and lumbar spine on chromo-
somes 6p21.2, 8q24.13, 12q23, 14q31, and 21qter 
(44). We further postulated that there may be age 
and gender differences among individuals, as 
well as differences according to ponderosity. 
We thus stratifi ed our pedigrees by age [“60 or 
younger” (age 29–60 years) and “older than 60” 
(61–96 years)], by sex, and by body mass index 
(BMI) [into “low” or “high” BMI, by the median 
cut-off of 27.7 kg/m2 in males and 25.8 kg/m2 in 
females]. Age of 60 years was chosen to create a 
group of men who were young enough not to 
have manifested the more signifi cant bone loss 
that comes with advanced age, while providing 
suffi cient sample size for analyses. Heritability 
estimates of BMD after adjustment for covariates 
were comparable in the age-specifi c subsamples, 
a fi nding similar to some previously reported 
studies (46) but not others in which phenotypic 
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resemblance was lower among older subjects 
(47). We observed a heterogeneity of linkage on 
6p21.2 and 21qter, where fi ndings from the total 
sample (44) were not supported by any subsam-
ple. Also, age subsample-specifi c linkage peaks 
were found, on 9q22–9q31 (in “younger” sub-
sample) and 17p13.3 (in “older”), which were not 
refl ected by the total sample results. Similarly, the 
loci identifi ed after stratifi cation by gender dif-
fered among men and women (48). Our study was 
the fi rst genome scan in humans that provided 
evidence for difference in the linked chromo-
somal regions between younger and older sub-
jects, men and women.

Other studies, such as the FAMilial Osteoporo-
sis Study (FAMOS) (49) and Amish osteoporosis 
study (50), stratifi ed their families at 50 years old. 
Ralston et al. (49) based their choice of an age 
cutoff of 50 years on the fact that this was the 
median age of their study sample and is also close 
to the average age of menopause in women. The 
large sample size of the FAMOS study (3691 indi-
viduals from 715 families) allowed the investiga-
tors to conduct age- and gender-specifi c analyses 
simultaneously. Thus, in each gender, they were 
able to distinguish quantitative trait loci (QTL) for 
peak bone mass (in individuals younger than 50 
years) from those that infl uence bone mass in 
older people. The linkage peaks were age- and 
sex-specifi c; thus, no overlap was found between 
chromosomal loci for BMD in older men and 
older women (49). Similarly, in analyses of age-
specifi c subgroups, Streeten et al. (50) in the 
Amish study found suggestive evidence for linkage 
for those younger than 50 years of age on chro-
mosomes 11q22 and 14q23 (LODs = 2.11 and 2.16, 
respectively) and for those older than 50 years of 
age on 3p25.2 (LOD = 2.32); again, no overlap was 
found between chromosomal loci for BMD in 
older and younger family members.

Genetic Contribution to Change 
in BMD

As mentioned, the BMD phenotype in elderly 
persons is perceived as a mix of bone mass 
acquired at peak (in young adults) and ensuing 
loss, caused by either menopause, senescence, or 

both (reviewed in Yang et al. [51]). There is also 
evidence of a heritable component for age-related 
bone loss, although less well studied than cross-
sectional BMD. It has been proposed that the 
genes regulating peak bone mass might differ 
from those regulating bone loss (52), and that 
genetic factors contributing to change in BMD are 
those responsible for the bone remodeling ability 
(53). As originally suggested back in 1993, at a 
median follow-up of approximately 3 years, BMD 
change of both hip and spine was heritable in 
twins aged 24–75 years (54). A number of ensuing 
studies have attempted to dissect the genetic basis 
for the rate of bone loss, with various levels of 
success, in humans (55–58) and mice (53).

Yang et al. (51) warn that caution should be 
exercised while interpreting results of these 
studies, particularly in light of the presumption 
that the rate of bone loss can be treated as a phe-
notype independent of BMD. By re-analyzing the 
data from a 9.5-years longitudinal study (59), 
Yang and colleagues (51) found that approxi-
mately 67% of post-menopausal BMD variation is 
attributable to the pre-menopausal BMD (“peak 
BMD”), and approximately 29% to the bone loss 
rate. The contribution of the rate of bone loss to 
low BMD is thus fairly small, but not negligible. 
The estimated pre- and post-menopausal bone 
loss rates are generally approximately 0.3–1.5% 
per year, varying at different skeletal sites; even 
during the peri-menopausal period when “rapid” 
bone loss occurs, the annual rate of bone loss is 
between 0.6–2% (reviewed by Yang et al. [51]). 
Bone loss is a relatively slow process, but once 
triggered, it tends to steadily progress with age. 
Hannan et al. found an average 4-year BMD loss 
ranging from 3.4–4.8% in women and 0.2–3.6% in 
men at all skeletal sites (4). The mean rate of BMD 
change from baseline to follow-up (∼2 years) was 
1.2% and 1.1% for women and men, respectively, 
in the Rotterdam study (30). Recently, Khosla 
et al. (60) used high-resolution 3D pQCT imaging 
at the wrist to describe age-related patterns of 
bone change in a cross-sectional study design. 
Relative to young women (age 20–49 years), whose 
cortical volumetric BMD decreased with age, 
young men actually had an apparent increase in 
vBMD. Both men and women had decreased 
vBMD with advanced age in the 50–90 years age 
group (−22% in women and −18% in men). Thus, 



86 D. Karasik and D.P. Kiel

despite signifi cantly higher bone loss in women 
than men (p = 0.01) after age 50, Khosla et al. (60) 
could not specifi cally show an effect of menopause 
on the BMD change (alternatively, this fi nding can 
be interpreted as an effect of andropause [61] in 
men!). Cross-sectional studies such as these (4,60) 
are not totally free from secular trend and survival 
bias. Notable is a fi nding of Parsons et al. (62) 
that the major predictors of bone loss in post-
menopausal women were menopausal status, 
hormone replacement therapy (HRT) use, and 
BMI, but not the genetic polymorphisms associ-
ated with BMD.

Changes in BMD may obviously depend on 
errors in bone density measurement, technology 
changes from old to new densitometric devices, 
as well as changes in anthropometric measures of 
the patient (such as advanced kyphosis and weight 
loss). The baseline and follow-up scan compara-
bility needs to be rigorously assessed before using 
such data for genetic analyses; further adjustment 
needs to be done for change in weight and BMI, 
as well as for the type of device used at each mea-
surement occasion, in order to avoid or control 
measurement errors.

Candidate Genes for Fractures and 
Bone Mass in Aging 

There are indications that genotype-phenotype 
associations with regard to osteoporosis and BMD 
in older-age individuals differ from those in 
younger ages. There are several examples, focus-
ing on the most widely studied biological candi-
date genes for osteoporosis.

Interleukin (IL)-6 Gene 
Promoter Polymorphisms 

Estrogen defi ciency is involved in bone loss via 
the direct action of estrogen on bone cells, as 
well as mediation of cytokines in bone marrow. 
The decline in estrogen production after meno-
pause leads to increased production of pro-
infl ammatory cytokines, such as IL-6, which are 
normally suppressed by estrogen (63). Increased 
levels of IL-6, in turn, promote the differentia-
tion of osteoclast precursor cells into mature 

osteoclasts, which increase resorption within the 
bones (64).

Several studies have identifi ed the IL-6 gene 
locus (7p21) to be linked to BMD in post-meno-
pausal women (65,66) and in families of oste-
oporotic probands (67,68), whereas no linkage 
was found in young, healthy sister pairs (69). 
These observations suggest that IL-6 genetic 
variation might specifi cally contribute to the pop-
ulation variance in bone mass primarily in older 
women (64,70). Dinucleotide repeat polymor-
phisms at the IL-6 locus have been associated with 
or linked to BMD in post-menopausal, but not 
pre-menopausal, women (64,70).

In order to elucidate the contribution of the 
IL-6 gene to BMD in women, we studied an inter-
action between IL-6 promoter polymorphisms 
and factors known to affect bone turnover, namely 
years since menopause, estrogen status, dietary 
calcium and vitamin D intake, physical activity, 
smoking, and alcohol in the Offspring Cohort of 
the Framingham Heart Study (71). We found that 
BMD was signifi cantly lower in women with geno-
type −174 GG compared to CC, and intermediate 
with GC, who were more than 15 years past meno-
pause, estrogen-defi cient, or who had insuffi cient 
calcium intake (<940 mg/day). No associations 
were observed in pre-menopausal women. (Of 
note, in the Belfast Elderly Longitudinal Ageing 
Study, a reduction in frequency of GG homozy-
gotes was associated with higher serum levels of 
IL-6 in the oldest [octo/nonagenarian] age group 
[72]). In women with both estrogen-defi ciency 
and poor calcium intake, BMD differences at 
the hip between IL-6 −174 CC and GG were as 
high as 16.8% (71). Results of this study may be 
interpreted not only as an age-specifi c, but also 
syndrome-specifi c genetic infl uence. Thus, a phe-
notype in women more than 15 years post-meno-
pause may be an indication of the “senile” rather 
than “menopausal” osteoporosis.

Most recently, the IL-6 −174 G allele was 
confi rmed to also be associated with lower bone 
ultrasound properties and an increased risk of 
fracture (OR 1.5, 95% CI 1.1–2.0) in a large cohort 
of 964 post-menopausal women aged 75 years 
(73). Together, these data indicate that the infl u-
ence of IL-6 gene variants on bone mass may 
depend on gender, age, estrogen status, and 
dietary calcium.
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Another group specifi cally studied the rate of 
decline in hip BMD (64). Compared with women 
having the GG phenotype, women having the CC 
genotype also had slower rates of bone loss in the 
total hip and femoral neck in approximately 3.5 
years of follow-up and 33% lower risk of wrist 
fractures over an average of 10.8 years (64). Also 
important was the observation that the associa-
tion between the −174GC polymorphism and hip 
bone loss was independent of weight loss during 
follow-up (74), which conforms to a primary 
action of IL-6 on bone rather than indirectly via 
age-related weight loss.

Vitamin D Receptor (VDR) 
Gene Polymorphisms

The VDR mediates the effects of calcitriol 
[1,25(OH)2D3] on the intestinal absorption of 
calcium and phosphate, and on bone mineraliza-
tion. Morrison et al. fi rst reported that VDR 
3′-UTR BsmI alleles were associated with BMD in 
adult women and post-menopausal bone loss 
(75). The association between the VDR gene 
and osteoporosis-related traits has been exten-
sively studied. The frequently studied markers 
include BsmI, ApaI, TaqI, and FokI, which cur-
rently have unknown functional effects (76). 
Numerous population-based studies including 
hundreds to thousands of subjects, mostly pre- 
and post-menopausal women, looked at the 
association between VDR alleles, BMD, and bone 
loss, with discordant results (77–88). In addition, 
some investigators noted a vanishing infl uence 
of VDR genotypes on bone mass with advancing 
age (84,89).

Morita et al. (90) analyzed BMD change over 3 
years in Japanese women (15–79 years old) for 
ApaI, TaqI, and FokI polymorphisms of the 5-year 
age-stratifi ed groups. The annual percent changes 
in lumbar spine BMD were different in the TaqI 
tt subjects from other genotypes in women who 
were pre-menopausal at the follow-up, and in the 
women who already had been post-menopausal at 
the baseline. Interestingly, the effect of the tt gen-
otype on BMD change was opposite in the two 
groups of Japanese women; bone loss at the 
lumbar spine in the pre-menopausal subjects with 
tt genotype was signifi cantly greater than that of 
tt homozygous post-menopausal women, who 

actually showed a tendency toward bone gain 
(90). This fi nding suggests an interaction between 
the menopausal status and the TaqI alleles. The 
meta-analysis of Thakkinstian et al. (91) focused 
on the relationship between VDR BsmI and BMD/
osteoporosis at the femoral neck or spine in adult 
women. They also studied the association between 
BsmI and mean percent BMD change over time 
and revealed a signifi cant effect of BsmI, with BB 
and Bb genotypes having greater bone loss per 
year than the bb genotype (91).

It remains uncertain whether VDR genotypes 
contribute signifi cantly to fracture risk in the 
elderly (18). However, because VDR is also 
involved in the aging of muscles (92), it might 
contribute to non-BMD risk factors of the osteo-
porotic fractures (frailty and fall-related).

Estrogen Receptor a (ESR1) and Estrogen 
Receptor b (ESR2) Genes

Estradiol plays a major role in the acquisition and 
maintenance of peak bone mass in both females 
(93,94) and males (30,95,96). Genotypes identifi ed 
by PvuII and XbaI restriction enzymes in the fi rst 
intron of the gene ESR1 are in strong linkage dis-
equilibrium with one another and only 46 base 
pairs apart. ESR1 gene polymorphisms, including 
PvuII, XbaI and a TA repeat polymorphism in the 
promoter region, were subsequently analyzed with 
bone mass, bone loss, and/or fractures in women, 
with contrasting results (58,83,85,88,97–102).

A meta-analysis of the association between 
ESR1 genotypes and BMD, including more than 
fi ve thousand women from 22 eligible studies 
(n = 11 in Caucasians and n = 11 in Asians), 
concluded that homozygotes for the XbaI XX 
genotype have a modestly but signifi cantly 
higher BMD (+1–2%) at lumbar spine or hip com -
pared to xx (31). No differences were found 
between PvuII genotypes, despite the fact that 
XbaI and PvuII sites are in strong linkage dis-
equilibrium. In this meta-analysis, differences 
between genotypes tended to be up to fi ve 
time greater in pre- menopausal compared to 
post-menopausal women, suggesting that ESR1 
genotypes might infl uence peak bone mass 
acquisition, although only three studies included 
pre-menopausal women. Most interestingly, dif-
ferences in fracture risk were disproportionately 
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high compared to the small differences in bone 
mass observed between genotypes (OR 0.66 [95% 
CI 0.47–0.93] in XX vs xx) (31), suggesting that 
ESR1 genotypes might infl uence bone “quality” 
above and beyond BMD.

Indeed, a recent study of these polymorphisms 
in 18,917 individuals from 8 European centers 
found evidence of association with fracture risk 
but not BMD (103), which again points out the 
dissimilar genetic composition of these two phe-
notypes. Some authors reported an interaction 
between ESR1 polymorphisms and HRT (58,104), 
as well as a gene-by-gene interaction between 
ESR1 and VDR alleles on BMD (85,97).

Low-Density Lipoprotein (LDL)-Receptor 
Related Protein 5 (LRP5) Gene

LRP5 is a member of the LDL-receptor related 
family coding for a transmembrane co-receptor 
for Wnt signaling (105). Mutations of this gene 
were shown to be associated with osteoporosis-
pseudoglioma syndrome (loss-of-function muta-
tions) (106) and a high bone mass phenotype 
(gain-of-function mutations) (107–109). LRP5 
polymorphisms were also associated with idio-
pathic osteoporosis in 78 European-Caucasian 
men (mean age ∼50 years) (110). Moreover, 1-year 
changes in lumbar spine bone mass and size in 
pre-pubertal boys were also signifi cantly associ-
ated with these LRP5 variants (111), suggesting 
that LRP5 polymorphisms could contribute to the 
risk of spine osteoporosis in men by in  fl uencing 
vertebral bone growth during childhood (111).

In a large-scale population-based genetic asso-
ciation study performed in the Framingham Study 
Offspring Cohort and including a subset of 1797 
unrelated individuals, 10 single-nucleotide poly-
morphisms (SNPs) spanning the LRP5 gene were 
genotyped and used for association and interac-
tion analyses with BMD by regression methods. 
After adjustment for co-variates, in men no older 
than 60 years, three SNPs were signifi cantly asso-
ciated with BMD: rs2306862 on Exon 10 with 
femoral neck BMD (p = 0.01) and Ward’s BMD 
(p = 0.01); rs4988321/p. V667M with Ward’s BMD 
(p = 0.02); and intronic rs901825 with trochanter 
BMD (p = 0.03). In women, 3 SNPs in intron 2 
were signifi cantly associated with BMD: rs4988330 
for trochanter (p = 0.01) and spine BMD (p = 
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FIGURE 7.2. Significant interaction between two SNPs (rs2306862 
and rs3736228) and physical activity on BMD of the spine in men. 
The x-axis provides continuously measured PASE scores divided 
into percentiles, the y-axis provides adjusted BMD of the lumbar 
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SNP. For rs2306862 there were 535 men with CC, 192 men with CT, 
and 18 men with TT genotypes. For rs3736228 there were 529 men 
with CC, 187 men with CT, and 16 men with TT genotypes. 
Modified from Kiel et al. (112).

0.003); rs312778 with femoral neck BMD (p = 
0.05); and rs4988331 with spine BMD (p = 0.04). 
For each additional rare allele, BMD changed by 
3–5% in males and 2–4% in females. Moreover, 
there was a signifi cant interaction between physi-
cal activity and rs2306862 in exon 10 (p for inter-
action = 0.02) and rs3736228/p. A1330V in exon 
18 (p for interaction = 0.05) on spine BMD in men. 
In both cases, the TT genotype was associated 
with lower spine BMD in men with higher physi-
cal activity scores, conversely with higher BMD in 
men with lower physical activity scores (Figure 
7.2) (112). Therefore, in addition to the differ-
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ences by age and gender, analyses of LRP5 poly-
morphisms in the Framingham Osteoporosis 
Study suggested an interaction with physical 
activity in men.

As shown previously using IL-6, ESR1, and 
LRP5 as examples, the effect of genes on osteopo-
rosis-related traits is gender- and age-related. 
Thus Pluijm et al. (113) found that only among the 
younger men and women (65–69 years) was the 
presence of ApoE ε4 allele associated with lower 
hip BMD values. In older men, no associations 
between ApoE status and BMD were found. Also, 
variation in SNPs in the TNSALP (ALPL) gene has 
been shown to be associated with BMD in older 
post-menopausal women, and the effects on age-
related bone loss seemed to accumulate with aging 
(114). Other genes association studies have found 
the opposite effects of age. Similarly, polymor-
phisms in the sclerostin (SOST) gene were found 
to be associated with BMD, and the effect became 
more pronounced with increasing age in the Rot-
terdam study (115). In another case-control study, 
SOST polymorphisms were not found to be asso-
ciated with BMD, probably in part because of the 
younger age of the participants than those in the 
Rotterdam study (116) (For more information on 
SOST gene, see [117]).

Biological Processes That Exert 
Age-Related Genetic Effects

To study a complex age-related process such as 
osteoporosis, investigators in the fi eld have to 
reach some basic consensus on characterizing the 
major change occurring in bone with aging. For 
example, the changes could include hydroxyapa-
tite crystallite size (118), hydration, osteoclastic 
proliferation or other processes infl uencing bone 
mineral content, the extent of secondary mineral-
ization, or bone tissue spatial arrangement, which 
in turn impacts the tissue mechanical properties. 
In genetic epidemiological terms, this task is inter-
twined with the defi nition of the “endophenotype” 
for bone aging, as explained previously. The sus-
ceptibility to fractures depends on many non-skel-
etal factors; conditions such as sarcopenia, which 
itself may have genetic components. Yet sarcope-
nia may result in reduced muscular input on the 

skeleton (119) and thus contribute to the etiology 
of osteopenia (120) along with the effect on pro-
pensity to fall. These conditions, although impor-
tant contributors to the osteoporotic fracture risk 
in the elderly, probably have their own genetic 
predispositions, which may make it diffi cult to 
detect specifi c genetic effect on bone aging per se. 
Defi ning the pathophysiologically or biologically 
sound endophenotypes is key in the successful 
study into the mechanisms and genetic contribu-
tions to the aging of the skeleton.

Bone aging is a model of general aging. 
Some general processes of senescence/aging are 
present within the bone microenvironment and 
may be well represented by bone phenotypes 
(121), ultimately contributing to degeneration of 
the skeleton. Combined bone scoring systems 
(osseographic score) have been proposed as inte-
grative measures of bone aging (122,123). These 
integrative phenotypes have been shown to con-
tribute to the prediction of mortality in most age 
groups of both sexes. Also, the heritability of 
such phenotypes adjusted for sex, height, BMI, 
alcohol intake, smoking status, physical activity, 
and in women, menopausal status and estrogen 
use, was quite substantial (heritability = 57%). 
Genome-wide linkage analysis of the score sug-
gested the presence of quantitative trait loci with 
logarithm of the odds (LOD) scores higher than 
1.8 on chromosomes 3p, 7q, 11p, 16q, and 21q 
(122,124).

As shown previously, infl ammation is linked to 
bone turnover both directly (71,125) and via 
estrogen pathways (126,127). Prostaglandins and 
cytokines have long been reported to both stimu-
late and inhibit bone formation and resorption 
(128). Circulating concentrations of infl ammatory 
markers (74) and polymorphisms (129–131) have 
been related to variation in BMD and fracture 
risk. The expression levels of many of the infl am-
matory genes have recently been shown to be 
up-regulated with muscle aging (132,133), which 
indicates their involvement also in the sarcopenia 
phenotype and in aging in general.

One of the intriguing mechanisms of aging is 
adipogenesis. Osteoblasts and adipocytes share a 
common precursor cell in the bone marrow 
stroma, termed a marrow stromal cell (MSC). Cul-
tures of MSCs were established from young donors 
(age 18–42 years), elderly healthy donors (age 
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66–78), and patients with osteoporosis (age 58–
76) by Justesen et al. (134). They found no age-
related changes in the osteoblastic or adipocytic 
colony formation or the steady-state levels of 
mRNA of the adipogenic or osteogenic gene 
markers. In another study, changes in gene expres-
sion in fracture healing were expected to differ at 
differing ages. To explore this, 6-, 26-, and 52-
week-old female Sprague-Dawley rats were sub-
jected to mid-diaphyseal femoral fracture (135). 
Nearly all genes presently associated with bone 
metabolism showed the same response to fracture 
healing regardless of the age of the animal, thus 
there was no difference in the healing anabolic 
response with age.

Conclusions

Much of the variability of osteoporosis and related 
fractures has a genetic basis. A full picture of the 
complex genetic architecture of osteoporosis has 
been elusive in the absence of an optimal endo-
phenotype for osteoporosis, especially for bone 
loss in elderly persons. Osteoporotic phenotypes, 
such as fracture, BMD, and bone loss are all heri-
table. The question is, to what extent do the 
same genetic factors contribute to all these phe-
notypes, and how do genetics regulate these traits 
at different periods of adult life? Much can be 
learned by studying the disconnect between BMD 
and fra gility fracture phenotypes in genetic 
epidemiologic studies of osteoporosis. On one 
hand, this poses challenges in the study of genetic 
variants regulating both bone mass and fragility; 
on the other, the genetic variants that are inde-
pendent of BMD could be combined with BMD 
measurements to improve risk assessment for 
complications of osteoporosis (117). The research 
efforts need to focus on these important 
questions.

Ferrari (18) urges physicians to start evaluating 
whether candidate gene polymorphisms so far 
identifi ed in association studies could be trans-
lated into clinical practice (i.e., evaluate the posi-
tive and negative predictive values of gene markers 
with respect to osteoporosis and fracture risk, and 
response to therapy). Rather than looking dis-
dainfully at the “genetic revolution of medicine” 
(136), we should make an effort to bring this 

increasing knowledge from the bench to the 
bed-side (18).

Guidelines for population screening as applied 
to genetic susceptibility to disease have recently 
been published (137). Investigators should be 
aware that the strength of the association between 
the gene and osteoporosis-related phenotypes 
may depend on gender, age, ethnicity, and inter-
actions with a number of life style and environ-
mental risk factors for osteoporosis (18).

Translational research in the fi eld of osteopo-
rosis requires that clinicians recognize the impor-
tant contribution of aging per se to the osteoporosis 
syndrome and bone loss. Tailoring of medicines 
will require a better understanding of pathogene-
sis, especially the genetic mechanisms underlying 
age-related bone loss.
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8
Fracture Epidemiology Among 
Individuals 75+
Heike A. Bischoff-Ferrari

Introduction

Fractures contribute signifi cantly to morbidity 
and mortality in older individuals. Among indi-
viduals age 60 years and older, the mortality-
adjusted residual lifetime risk of fracture has been 
estimated to be 44–65% for women and 25–42% 
for men (1).

After age 75, hip fractures are the most frequent 
fractures, and up to 50% of older individuals suf-
fering a hip fracture will have permanent func-
tional disability, 15–25% will require long-term 
nursing home care, and up to 20% will die within 
the fi rst year after the event (2–4). The exponen-
tial increase in hip fractures after age 75 translates 
into an estimated 1 in 3 women, and 1 in 6 men, 
who will have sustained a hip fracture by their 
90th decade (5). Consequently, hip fractures 
account for substantial and increasing health care 
expenses with annual costs in the United States 
projected to increase from 7.2 billion in 1990 to 16 
billion in 2020 (6).

This chapter reviews epidemiologic data on the 
rates of hip and other common fractures among 
older individuals. In addition, future projections, 
geographic, and seasonal patterns of hip and other 
common fractures will be summarized.

Critical for the understanding of fractures at 
later age is their close relationship with muscle 
weakness (7) and falling (8). Thus, at the begin-
ning of this chapter, the epidemiology of falls, and 
their importance in regard to fracture risk among 
older individuals, will be reviewed.

Falls and Why They Need to Be 
Addressed for Optimal Fracture 
Prevention in Older Individuals

With the focus of this chapter being on fractures 
in older individuals, it is essential to take falling 
into consideration. More than 90% of fractures 
occur after a fall. In addition, falls are common. 
Fall rates increase 10% per decade, and more than 
30% of all community-dwelling and 50% of all 
institutionalized men and women aged 65 fall 
once per year (9). Serious injuries occur with 10–
15% of falls (8), resulting in fractures in 5% and 
hip fracture in 1–2%. As an independent determi-
nant of functional decline (10), falls lead to 40% 
of all nursing home admissions (3).

Because of the increasing proportion of older 
individuals, annual costs from all fall-related inju-
ries in the United States in persons 65 years or 
older are projected to increase from $20.3 billion 
in 1994 to $32.4 billion in 2020 (11). Thus, 
interventions that reduce the risk and thereby 
consequences of falls, such as fractures, may 
have substantial public health value.

Mechanistically, the circumstances and the 
direction (12,13) of a fall determine the type of 
fracture, whereas bone density and factors that 
attenuate a fall, such as better strength or better 
padding, critically determine whether a fracture 
will take place when the faller lands on a certain 
bone (14). Thus, for optimal fracture prevention, 
both falls and bone health need attention. 
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However, in the history of osteoporosis treatment, 
the focus has been on bone. Only recently has the 
prevention of falls gained signifi cant attention 
(15–17).

Consistent with the understanding that factors 
unrelated to bone are at play in fracture epidemi-
ology, the circumstances of different fractures are 
strikingly different. Hip fractures tend to occur in 
less-active individuals falling indoors from a 
standing height with little forward momentum, 
and they tend to fall sideways or straight down on 
their hip (18–20). On the other hand, other non-
vertebral fractures, such as distal forearm or 
humerus fractures, tend to occur among more-
active older individuals who are correspondingly 
more likely to be outdoors and have a greater 
forward momentum when they fall (21–23).

Even if bone is the primary target, falling may 
indirectly affect bone density through increased 
immobility from self-restriction of activities (24). 
It is well known that falls may lead to a psycho-
logical trauma known as fear of falling (25). In a 
recent survey among community-dwelling older 
persons, 13% of men and 21% of women aged 
66–70 years old are reported to be moderately or 
very fearful of falling (25). After their fi rst fall, 
approximately 30% of individuals develop fear of 
falling (24), resulting in self-restriction of activi-
ties (24), increasing immobility, and decreased 
quality of life (25). What makes the assessment of 
falls challenging is the fact that falls tend to be 
forgotten if not associated with signifi cant injury 
(26), requiring short periods of follow-up.

Site-Specific Fracture Epidemiology 
Among Older Individuals

Hip Fractures

Hip fractures are the most common fractures 
among white and black individuals age 75 and 
older (27,28). Future projections indicate that hip 
fractures will increase in many countries (29). This 
is in part explained by increased life expectancy 
plus the expected demographic changes, with a 
signifi cant rise of the oldest and frailest segment 
of the population. Based on a world-wide projec-
tion, the total number of hip fractures in 1990 was 
estimated to be 338,000 in men and 917,000 in 
women (29). Assuming no change in the age- and 

sex-specifi c incidence, the number of hip fractures 
are estimated to double by the year of 2025, and 
more than triple by the year 2050. Most pro-
nounced increases are expected for Asia, where in 
1990 26% of all hip fractures occurred. In 2025 it 
has been predicted that 37% of all hip fractures will 
occur in Asia, with a further increase in 2050 of 
45%. The 10-year hip fracture probability varies 
world-wide and is shown in Figure 8.1 (30).
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FIGURE 8.1. World-wide comparison of hip fracture probabil-
ity standardized to Sweden.  Standardized to Swedish hip frac-
ture data. Within Europe the highest 10-year hip fracture 
probability is observed in Norway, followed by Iceland. (Adapted 
from Kanis JA. et al. [30].)
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fractures in Figures 8.3–8.5: distal forearm, proxi-
mal humerus, and ankle fractures (27). Similar to 
hip fractures, distal forearm and proximal 
humerus fractures show a steep increase with age, 
which is most pronounced in white women. Ankle 
fractures only show a small increase with age.

Vertebral Fractures

Vertebral fractures cause disability, back pain 
(32), and decreased quality of life among older 
individuals (33). Women with a fi rst vertebral 
fracture, have a more than 19% risk of developing 
a second vertebral fracture in the subsequent year 
(34), a 2.5-fold increased risk for any subsequent 
fracture (35), and a 2.8-fold increased mortality 
rate within the following 10 years (36).

Compared to hip fractures, the epidemiology of 
vertebral fractures is challenging, with less than 
30% of vertebral fractures coming to clinical 
attention (28). Based on data from Cooper and 
colleagues, vertebral fractures increase exponen-
tially after age 65 among men and women, and 
incidence rates for vertebral fractures project 
between hip and radius fractures for both genders 
after age 75 (28). Figure 8.6 illustrates data from 
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FIGURE 8.2. Actuarial risk of hip fracture (in percentages) of 
a 65-year-old individual.  More than 16% of 65-year-old white 
women and 5.5% of white men, as well as 5.3% of black women 
and 2.6% of black men, can expect to sustain a hip fracture by age 

90. The actuarial risk takes into consideration that after age 75, 
death rates become substantial and reduce the number of 
individuals at risk for a fracture. (Data is adapted from Barrett JA 
et al. [27].)

Within different countries and race/ethnicity 
groups, hip fracture risk increases exponentially 
with age. Figure 8.2 gives US population-based 
data on the actuarial risk of hip fracture among 
individuals with age 65 (Medicare recipients), 
according to Barrett et al. (27). In addition, hip 
fracture rates vary considerably by type of dwell-
ing and based on selection criteria from random-
ized controlled trials. The highest hip fracture 
rates were observed in the placebo group of 
vitamin D trials among nursing home residents. 
Table 8.1 shows calculated hip fracture rates 
among older individuals per 10,000 person-years 
based on different cohort studies, as well as the 
placebo groups from several large bisphospho-
nate and vitamin D trials. Table 8.2 shows risk 
factors for hip fracture among women age 65 and 
older. Risk factors for hip fractures among older 
men include falls (15), low estradiol and low tes-
tosterone levels (31), prior fracture, and low hip 
bone density (13).

Other Non-Vertebral Fractures

The actuarial risk of fracture in a person 65 years 
of age is shown for three common non-vertebral 



TABLE 8.1. Hip Fracture Rates From Different Settings

Data source Age Hip fracture rates per 10,000 person-years

Cohort data
NHANES I—men (71)
NHANES I—women
Framingham—men (72)

Framingham—women

Dubbo—men (73)
Dubbo—women

70+

70+
75–79
80–84
85–89
90–94
95+
75–79
80–84
85–89
90–94
95+
85+
85+

37

87
3.2
6.6

18.8
30.6
45.5

7.8
15
28.4
43.5
70.2

119
260

Trial data
FIT trial for alendronate (low bone density, no fracture) (74) 68 (SD ± 6) 26
HORIZON trial with zolendronate; 18-month data as published in abstract form 

2006 (75) (T score � −2.5 or � −1.5 with prevalent vertebral fracture)
73 (55–89) 62

HIP trial for residronate (T score of < −4.0 or T score < −3.0 plus a non-skeletal 
risk factor for hip fracture) (76)

74 (SD ± 3) 101

HIP trial for residronate (at least one non-skeletal risk factor for hip fracture or 
low bone density) (76)

83 (SD ± 3) 124

Vitamin D trial Lips et al. (77) 80 (SD ± 6) 107
Assisted living Decalyos I Vitamin D trial (63) 84 (SD ± 6) 523
Nursing home Decalyos II Vitamin D trial (78) 86 (SD ± 8) 553
Nursing home 

TABLE 8.2. Risk Factors for First Incident Hip and Radiographic Vertebral Fracture in Women Age 65 and Older

Hip fracture Radiographic vertebral fracture

Older age
Any previous fracture
Low calcaneal bone density
No increase in weight since age 25
Current smoking was not associated with risk of hip 

fracture
Low calcium intake was not associated with risk of hip 

fracture
On feet <4 hours per day

(falls not considered in this model)
(antacid use not considered in this model)
History of maternal hip fracture
Tall at age 25
Low self-rated health
Previous hyperparathyroidism
Current use of long-acting benzodiacepins
Current use of anticonvulsant drugs
Current caffeine intake
Inability to rise from a chair
Resting pulse >80 beats/minute
Vitamin D deficiency/latitude
Previous fall

Older age
Previous non-spine fracture
Low bone density at all sites
Low body mass index
Current smoking
Low milk consumption during pregnancy (<1 glass/day)

Low levels of daily physical activity (walks <1 block/day or <1 hour/day 
household chores)

Having a fall
Regular use of aluminum-containing antacids
Maternal hip fracture was not associated with risk of vertebral fracture
(Tall at age 25 not considered in this model)
Self-rated health was not associated with risk of vertebral fracture
Previous hyperparathyroidism was not associated with risk of vertebral 

fracture
(Long-acting benzodiacepin use not considered in this model)
(Anticonvulsant drug use not considered in this model)
Caffeine intake was not associated with risk of vertebral fracture
Inability to rise from a chair was not associated with risk of vertebral 

fracture
(resting pulse use not considered in this model)

Table 8.2 summarizes and compares risk factors for hip and radiographic incident vertebral fractures assessed from the Study of Osteoporotic Fractures 
(SOF) among white women age 65 and older. Risk factors for both outcomes are based on multivariate analyses.
 Risk factors for hip fracture are adapted from Cummings SR et al. (7). Hip fracture rates were 11 per 10,000 person-years among women with no more 
than two risk factors and normal calcaneal bone density. Hip fracture rates were 270 per 10,000 person-years among women with five or more risk factors 
plus a calcaneal bone density in the lowest one-third for their age. Added to the table in dark red are two established risk factors for hip fracture not 
assessed in the model within the SOF cohort (falls [8,13,15], vitamin D deficiency [59,62,64], and latitude away from the equator [65]).
 Risk factors for radiographic incident fractures are adapted from Nevitt MC et al. (37). For radiographic vertebral fractures, women in the lowest third 
of wrist bone density plus five or more risk factors had a 12-fold greater risk than women in the highest third of wrist bone density with no additional 
risk factors. Radiographic vertebral fracture was defined as a 20% and at least 4-mm decrease in vertebral height.
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FIGURE 8.4. Actuarial risk of proximal humerus fracture (in 
percentages) of a 65-year-old individual. More than 5% of 65-
year-old white women and 1.1% of white men, as well as 1.1% of 
black women, can expect to sustain a distal forearm fracture by age 

90. Cases in black men were too small to explore. The actuarial risk 
takes into consideration that after age 75, death rates become 
substantial and reduce the number of individuals at risk for a frac-
ture. (Data is adapted from Barrett JA et al. [27].)
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FIGURE 8.3. Actuarial risk of distal forearm fracture (in per-
centages) of a 65-year-old individual. More than 9% of 65-
year-old white women and 1.4% of white men, as well as 2.4% of 
black women, can expect to sustain a distal forearm fracture by age 

90. Cases in black men were too small to explore. The actuarial risk 
takes into consideration that after age 75, death rates become 
substantial and reduce the number of individuals at risk for a frac-
ture. (Data is adapted from Barrett JA et al. [27].)
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Actuarial Ankle Fracture Risk (Percent)
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FIGURE 8.5. Actuarial risk of ankle fracture (in percentages) 
of a 65-year-old individual. 3.9% of 65-year-old white women 
and 1.3% of white men, as well as 2.4% of black women, can 
expect to sustain a distal forearm fracture by age 90. Cases in black 

men were too small to explore. The actuarial risk takes into con-
sideration that after age 75, death rates become substantial and 
reduce the number of individuals at risk for a fracture. (Data is 
adapted from Barrett JA et al. [27].)
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FIGURE 8.6. Vertebral fracture prevalence by age among women. Based on data from women of the Study of Osteoporotic Fractures 
(SOF), 1 in 3 will have a prevalent vertebral fracture at age 80+. (Adapted from Nevitt MC et al. [37].)

the SOF study on prevalence of vertebral fractures 
among women by age, suggesting that one in three 
women will have a prevalent fracture at age 80 
(37). In regards to men, after age 80, vertebral 

fracture rates have been reported to be similar to 
those in women (38). In fact, based on radiological 
deformities, data from a multi-center European 
study found equal sex incidence between the ages 
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50 and 79. The latter study further suggested a 
geographical variation of vertebral fractures 
within Europe, with higher rates in Skandinavia 
(39).

More than 90% of vertebral fractures in women 
result from mild to moderate trauma, whereas 
this proportion is only 55% among men (40). 
Severe vertebral deformities appear to have a pre-
dilection between T10 and L1 (40). Risk factors for 
a fi rst radiographic vertebral fracture among 
women age 65 and older are shown in Table 8.2 
(37).

Geographic and Seasonal 
Variations in Hip and Other 
Non-Vertebral Fractures

Excess winter morbidity and mortality continue 
to be important public health problems, especially 
among older persons (41–43). In addition to clear 
seasonal variations in respiratory (42–45) and 
cardiovascular diseases (46), fractures of the hip 
(47–53) and distal forearm (54) contribute to high 
winter morbidity rates in older persons.

Some studies indicate that falls caused by 
snow and ice may play an important role in sea-
sonality of fractures (48,49). One cause of the 
increased fracture risk in winter compared to 
summer may be that older persons are more likely 
to slip and fall during periods of snow and ice 
(55). On the other hand, hip fractures, which 
mostly occur indoors (18–20), may be less affected 
by snow and ice.

In a large population-based study from the 
United States, fracture rates for hip, distal forearm, 
proximal humerus, and ankle were higher in 
winter than in other seasons, although the winter 
peak was small for hip fractures (see Figure 8.7) 
(56). This seasonal pattern was most evident in 
“warm” states that are only minimally affected by 
ice and snow. Furthermore, in the same study, hip 
fractures had strikingly different associations with 
weather than fractures of the distal forearm, prox-
imal humerus, and ankle. In winter, total snowfall 
was associated with a reduced risk of hip fracture 
(−5% per 20 inches) but an increased risk of non-
hip fractures (6–12%; p < 0.05 at all sites). In 
summer, hip fracture risk tended to be lower 
during sunny weather (−3% per 2 weeks of sunny 
days; p = 0.13), although there was an increased 
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FIGURE 8.7. Relative risks of fractures, by season. Relative 
risks are adjusted for gender, age, and race/ethnicity. For all sites, 
fracture risk in winter was significantly higher than in each of the 

other seasons (95% CI excluded 1 for the comparison of each 
season with winter). (Adapted from Bischoff-Ferrari HA et al. 
[56].)
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risk of the other fractures (15–20%; p < 0.05) in 
sunny weather (56).

One plausible explanation for the strikingly dif-
ferent seasonal and weather patterns between hip 
and non-hip fractures may be found in the cir-
cumstances surrounding these fractures. Hip 
fractures tend to occur indoors among relatively 
frail individuals (18–20), whereas the others tend 
to occur among more active individuals who are 
correspondingly more likely to be outdoors (21–
23). Clearly, weather would affect the latter group 
differently than the former (18). It is likely, for 
example, that active individuals would expose 
themselves to adverse weather conditions more 
readily than their more frail counterparts, thus 
increasing their risks of ice- and snow-related falls 
and fractures. A possible support of this hypoth-
esis is suggested by the subgroup analyses, in 
which individuals who are more likely to be frail 
and less active (women and individuals aged 80 
years and older), had a smaller winter/summer 
difference in hip fracture risk than the more 
robust population groups (men and individuals 
younger than 80; see Table 8.3).

The protective association of sunshine with risk 
of hip fracture in the summer and fall may be 
due to the higher serum concentrations of 25-
hydroxyvitamin D associated with sun exposure 
(57,58). Improved vitamin D status through sup-
plementation with vitamin D may reduce the risk 
of falls (59), improve bone mineral density (BMD) 
(60,61), and reduce risk of fractures (60,62–64) in 
older individuals. The benefi t of sun exposure is 

supported by a recent review suggesting that for 
each 10° change in latitude from the equator (e.g., 
from Paris to Stockholm), fracture probability 
increased by 0.3% in men, by 0.8% in women, and 
by 0.6% in men and women combined (65). On 
the other hand, for the fractures outside the hip, 
an incremental gain in vitamin D from sunlight 
exposure may be outweighed by the increased risk 
associated with outdoor activities in more-active 
older persons in sunny weather.

Corroborating the fi ndings on snowfall in 
winter being protective against hip fractures on a 
geographic level are studies indicating a distinct 
North-South gradient in hip fracture risk, with 
lower rates in the northern United States, where 
colder weather is more common (66). At the same 
time, there is no indication of a North-South gra-
dient for non-hip fractures. Rather, lower rates for 
non-hip fractures (distal forearm and proximal 
humerus) are found in the Western states and 
higher rates in the Eastern states (66). Ankle frac-
tures appear to have a somewhat similar pattern 
as distal forearm and proximal humerus, but not 
consistently so. All patterns appear to be similar 
in men and in women.

Geographic variations of hip fractures have 
been investigated for Europe, where rates appear 
to be higher in the north compared to the south 
(Figure 8.1). This apparent inconsistency with the 
US pattern for hip fractures may be explained by 
additional genetic infl uences within Europe, or 
lower sunshine exposure with a greater distance 
from the equator (64).

TABLE 8.3. Winter/Summer Relative Fracture Risks, by Fracture Type in Subgroups of the Population

Fracture site Winter/summer RR by gender Winter/summer RR by age Winter/summer RR by race

RR (95% CI) men RR (95% CI) women RR (95% CI) 
younger 
(65–80)

RR (95% CI) older 
(>80)

RR (95% CI) white 
individuals

RR (95% CI) black 
individuals

Hip 1.15 [1.08–1.23] 1.07 [1.03–1.10]* 1.10 [1.05–1.15] 1.08 [1.04–1.12] 1.08 [1.05–1.12] 1.21 [1.03–1.42]
Distal forearm 1.51 [1.33–1.71] 1.15 [1.11–1.21]*** 1.25 [1.19–1.32]) 1.08 [1.00–1.16]** 1.20 [1.15–1.25] 1.05 [0.81–1.37]
Proximal humerus 1.23 [1.07–1.42] 1.19 [1.12–1.27] 1.28 [1.19–1.38] 1.10 [1.01–1.20]** 1.19 [1.12–1.26] 1.50 [1.02–2.20]
Ankle 1.25 [1.10–1.42] 1.21 [1.13–1.29] 1.23 [1.15–1.31] 1.18 [1.04–1. 34] 1.22 [1.14–1.29] 1.30 [1.01–1.68]

Adapted from Bischoff-Ferrari HA et al. (56).
RR, relative risk; CI, confidence interval.
RRs are based on Poisson Regression Models. The models by gender included age and race, the models by age included gender and race, and the model 
by race included gender and age. Stars indicate level of significance of difference by gender, age, and race in regard to winter/summer relative fracture 
risk:
* p < 0.05; ** p < 0.01; *** p < 0.
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Gender-Specific Mortality From 
Hip Fracture

Mortality from hip fractures is signifi cant and 
has been estimated between 12–20% among 
women in the fi rst year after the event (4). Men, 
despite their lower incidence of hip fractures, 
have a twofold higher risk of death after hip frac-
ture compared to women (67). The increased risk 
among men is still unclear. One explanation, 
however, has been suggested by the Baltimore 
Hip studies (68), where mortality rates after hip 
fracture were similar between men and women if 
deaths caused by infections were excluded. 
Deaths related to infections (pneumonia, infl u-
enza, and septicemia) explained the gender 
difference in the Baltimore cohort, and the 
gender difference appeared to be maintained 
throughout the second year after hip fracture. 
Independent of gender, pre-existing morbidity 
and poor functional status have been identifi ed 
as risk factors for mortality after hip fracture 
(69,70).

Repeat Fractures

Based on a 16-year follow-up of the Dubbo Osteo-
porosis Study (35), the absolute risk for a repeat 
fracture increases steeply and equally in men and 
women with age (see Figure 8.8) despite a lower 
absolute risk for a fi rst fracture among men. The 
relative risk for a repeat fracture among women 
age 60–69, 70–79, and 80+ is 1.65 (95% confi dence 
interval [CI] 1.18–2.32), 2.36 (1.91–2.92), and 1.80 
(1.45–2.25), respectively. The relative risk for a 
repeat fracture among men age 60–69, 70–79, and 
80+ is 3.75 (2.19–6.43), 4.32 (3.00–6.21), and 2.77 
(1.69–4.54), respectively. Among women, the inci-
dent fracture associated with the highest repeat 
fracture risk is hip fracture, with a 2.79-fold 
increased risk for a repeat fracture (95% CI 2.06–
3.77). Among men, the incident fracture associ-
ated with the highest repeat fracture risk is 
vertebral fracture, with a 6.18-fold increased risk 
(95% CI 4.17–9.14). Absolute repeat fracture rates 
according to initial fracture site are illustrated in 
Figure 8.9 (35).

Absolute rates of first and 
repeat fractures by gender
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FIGURE 8.8. Absolute rates of first and repeat fractures 
according to gender and age. “W” stands for women and “M” 
stands for men. The absolute risk for a first fracture increases 
with age in both genders, with higher rates among women at all 
ages. Repeat fracture rates increase more steeply and are similar 

between men and women. Women age 80 or older have an 80% 
increased risk for a repeat fracture (RR 1.80; 95% CI 1.45–2.25). 
Men age 80 or older have a 2.77-fold increased risk for a repeat 
fracture (RR 2.77; 95% CI 1.69–4.54). (Adapted from Center JR 
et al. [35].)
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Absolute repeat fracture rates according
to initial fracture
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FIGURE 8.9. Absolute repeat fracture rates by initial fracture 
site and gender. Hip fractures among women and vertebral frac-
tures among men age 60 years and older carry the highest gender-

specific absolute risk for a repeat fracture. (Adapted from Center 
JR et al. [35].)

Summary

Fractures among older individuals are frequent, 
contribute signifi cantly to morbidity and mortal-
ity, and are closely linked to falls. Among all frac-
tures, hip fractures result in the greatest personal 
and societal burden, and are the most frequent 
fractures among individuals age 75 and older. 
Future projections indicate a world-wide increase 
of hip fractures, which is in part explained by pro-
longed life expectancy and the absolute increase 
of the oldest segment of the population in many 
countries.

A signifi cant part of age-related fracture mor-
bidity is explained by the high risk of a repeat 
fracture, which rises steeply with age, and is 
similar in men and women despite lower incident 
fracture rates among men. Thus, fractures among 
older individuals are an indicator of frailty, which 
is also refl ected by markedly higher hip fracture 
rates among nursing homes residents if compared 
to the general older population.

Furthermore, fractures among older individu-
als vary by season; with a marked winter peak for 
distal forearm, proximal humerus, and ankle frac-

tures. The winter peak for hip fractures is rela-
tively small, which may be explained by strikingly 
different associations with weather. For example, 
regional snowfall and summer sunshine are 
inversely related to hip fracture risk, but associ-
ated with higher rates of the other fractures.
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9
Falls as a Geriatric Syndrome: How to Prevent 
Them? How to Treat Them?
Manuel Montero-Odasso

“It takes a child 1 year to acquire independent move-
ment and 10 years to acquire independent mobility. An 
old person can lose both in a day.”

Bernard Isaacs (1)

Introduction

This quotation from the late Bernard Isaacs still 
portrays, four decades after being written, the 
crude consequence that an older adult may expe-
rience after a single fall (1). Despite the enormous 
efforts of researchers and clinicians to understand 
the falls syndrome, there is still a signifi cant gap 
between the knowledge gained about this chal-
lenging syndrome and the clinical application of 
the proven interventions available. The aim of this 
chapter is to reduce this gap and to provide a 
rationale for the integration of a risk assessment 
for falls and fractures into research on the emerg-
ing problem of senile osteoporosis in older 
population.

Falls and fall-induced injuries in older people 
are worldwide problems with substantial clinical 
and public health implications. They are both 
associated with advancing age and an increased 
risk of disability, dependency, premature nursing 
home admission, and mortality (2). First describ  -
 ed almost 40 years ago as the geriatric syndrome 
“Instability,” falls have become increasingly 
important in recent years (3). A fall is defi ned 
as “an unintentional change in position resulting 
in coming to rest at a lower level or on the 
ground” (4). Loss of consciousness owing to 
seizures or acute stroke are not included in the 

fall defi nition, although they can also present as 
an episode of instability and a change of position 
to a lower level (5,6). Although falls can have 
multiple and diverse etiologies, they generally 
share similar risk factors, as they frequently result 
from the accumulated effect of impairments in 
multiple systems. Therefore, an intelligent 
approach to address such a complex problem 
must fi rst take into consideration the most likely 
causes, contributing factors, and associated co-
morbidities. Because falls and fractures in older 
adults have an entangled relationship, a charac-
terization of the risk factors for fractures caused 
by falls must be also considered in this joint 
approach.

Historical Perspectives: Falls as a 
Geriatric Syndrome

Falls, as a geriatric syndrome, have always been 
with us. They have been described for millennia 
as natural accidents that occur with old people. 
For instance, the ancient Egyptians represented 
older persons in their hieroglyphs as a man bend 
over and using a cane, indicating an understand-
ing of an older individual’s tendency to experi-
ence falls. This begs the question: if falls have 
been a known problem in the elderly for so long, 
why the increased interest in the topic today? One 
possible reason might relate to the number of 
scientifi c discoveries and social improvements 
that have been made in recent decades. Advances 
in medicine, nutrition, and better social and 
working conditions have caused the proportion 
of elderly people in the population to increase 
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dramatically, a pattern that is seen in most of the 
Western world. This increased longevity, has 
also been accompanied by increasing levels of 
disability including an increased incidence of 
falls and fractures, which are now being studied 
and are frequently appearing in the medical 
literature. In the beginning, the primary focus 
of falls research was on the mechanical conse-
quences of the fall, namely physical injury and 
fractures, both of which were assumed to be an 
expected result of the normal aging process. 
However, to consider falls as an inevitable or 
even normal phenomenon associated with aging 
has signifi cantly delayed the creation of a system-
atic approach to this syndrome. As a result, the 
initial approach was based exclusively on treating 
the consequences of falls, which generated a kind 
of therapeutic nihilism to the syndrome itself. 
With the creation of geriatrics as a distinct 
medical specialty, this view has changed and falls 
have started to be considered as a syndrome with 
concomitant risk factors and etiologies. Falls and 
fractures are major components of the geriatric 
giants of “Instability” and “Immobility” (1), and 
both are principal components in the vicious 
circle involving fall and fracture in older adults. 
As shown in Figure 9.1, once immobilization 
owing to falls or muscle weakness starts, it exac-
erbates the neuromuscular impairment leading 
to deconditioning, increasing muscle weakness 
and potentially sarcopenia, and increasing the 
risk of future falls and fractures.

Cohort and retrospective observational studies 
conducted during the early 1980s described the 
epidemiology, consequences, and underlying 
factors responsible for the falls syndrome (3,4,
6–10). Clinical trials conducted in the late 1980s 
demonstrated that interventions based on multi-
factorial and multi-disciplinary approaches may 
prevent falls and their associated consequences 
(3,11–15). Despite the myriad of successful clinical 
trials in preventing falls, however, important gaps 
still exist in the current clinical knowledge of the 
area. This gap is even more evident when we look 
at the applicability of falls prevention and fractures 
treatment to everyday clinical scenarios.

Epidemiology of Falls

The incidence and severity of the falls conse-
quences rises steadily entering the sixth decade 
and tends to be higher among persons age 80 
years old and over. The high incidence of falls in 
this population is not the actual problem, because 
other populations such as children and profes-
sional athletes have an even higher frequency of 
falls. Rather, the problem for the elderly is the 
increased morbidity associated with falls. Because 
of the number of co-morbidities associated with 
the aging process, in particular osteoporosis and 
the loss of the adaptive and defensive mechanisms 
related to falling, older people are much more 
susceptible to sustain serious injury after even a 
minor fall. Accidents are generally ranked as the 

FIGURE 9.1. Vicious cycle in falls and fractures and principal contributors.
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fourth or fi fth leading cause of death in the devel-
oped world (after cardiovascular disorders, 
cancer, stroke, and pulmonary diseases), with 
falls being the leading cause of accidental death in 
older adults, accounting for two-thirds of these 
deaths (16) (Figure 9.2).

The prevalence and incidence of falls vary 
according the population and setting being ana-
lyzed. Clinical trials conducted by Tinetti and 
colleagues have reported that the incidence of 
falls in community-dwelling older people is 

approximately 30% per year for those aged 65 
and older, and between 40–50% for those aged 80 
and older (14). Among individuals who have a 
history of falls in the previous year, the annual 
incidence is closer to 60%. In older hospitalized 
patients the prevalence of falls rises to 40%, 
whereas older adults living in long-term care 
facilities have a prevalence of falls ranging from 
45–50% (16–18). As was stated earlier, falls con-
stitute the largest single cause of injury-related 
mortality in elderly individuals; moreover, falls 
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are an independent determinant of functional 
decline, leading to 40% of all nursing home 
admissions. This increased prevalence in institu-
tional settings may be caused by a variety of 
factors including the intrinsic characteristics of 
the residents with the majority being frail, and 
the more accurate reporting of falls which gener-
ally occurs in these settings (17).

Complications of Falling

Falls can have a number of serious medical, phy-
siological, and social consequences, which are 
sometimes underreported or underestimated in 
the literature (see Table 9.1).

Morbidity and Mortality

Complications and consequences resulting from 
falls are the leading cause of death from injury in 
men and women aged 65 and older. One rule of 
thumb used to describe the frequency of various 
outcomes of sustaining an unexpected fall by 
older adults: 20% of the individuals develop “fear 
of falling;” 15% sustain suffi cient injury that they 
frequently visit the Emergency Department 
because of the pain, bruises, or dizziness; 10% 
sustain a severe injury but not a fracture (e.g., 
head injury, brain hematomas, or chest trauma); 

and 5% sustain a fracture with 1% of these being 
a hip fracture (17,19). These percentages can 
be more than doubled for women aged 75 and 
older (20).

It has long been understood that the way a 
person falls can determine the type of injury that 
follows. For example, wrist fractures often result 
from forward falls onto a hand, hip fractures 
typically happen from falls on the side, and 
falling backwards tends to have the lowest rate 
of fracture. Older adults between the ages of 65 
and 75 tend to have more wrist fractures, whereas 
those over age 75 suffer more hip fractures. 
Several hypotheses have been postulated in an 
attempt to explain this apparent shift from wrist 
to hip fractures, with one of the most accepted 
being that the shift is a result of a slowing of 
defensive refl exes in individuals over 75 years of 
age (21).

Psychological and Social Consequences

No less important, and in some cases even more 
frequent, are the social and psychological con-
sequences of the falls and how they may impact 
on functional domains. Fear of falling has been 
described as a serious problem, with prevalence 
rates ranging from 25 to 55% of community-
dwelling elderly (17,22–24). Fear of falling 
can strongly infl uence an elderly individual’s 
quality of life as it can lead to isolation and poor 
satisfaction with life. Moreover, fear of falling 
itself has been shown to be a predictor of actual 
falling. The consensus is that individuals develop 
a fear of falling and depression secondary to 
recurrent falls. Fear of experiencing another fall 
(known as “post-fall anxiety”) may trigger some-
thing of a downward spiral for the individual in 
terms of their social and psychological life. It can 
lead the individual to restrict their social activi-
ties, possibly owing to a decrease in confi dence 
about their abilities. This in turn can gradually 
lead to isolation, feelings of lone liness, hopeless-
ness, and potentially even depression. What 
makes this pattern particularly unfortunate is 
that the social isolation stage may be the easiest 
point at which to intervene; however, it is fre-
quently not reported or identifi ed, which leads to 
much needless suffering for the individual.

TABLE 9.1. Frequent Consequences of the Fall Syndrome in 
Older People

Cause Consequence

Medical Hematoma
Fracture
Chronic pain
Death

Psychological Fear of falling
Anxiety
Loss of confidence
Depression

Social Dependency
Isolation
Placement in long-term care

Functional Immobility
Deconditioning
Disability and dependence
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Causes of Falling and Risk Factors

Although it may be possible to determine the pre-
cipitating factor for a given fall, the actual underly-
ing causes tend to be varied and complex. Multiple 
risk factors have been identifi ed as contributors to 
the fall syndrome and accordingly, the list is highly 
heterogeneous, including such factors as age-asso-
ciated changes, sensory im  pairments, muscular 
weakness, co-morbidities, cardiovascular-medi-
ated problems, polypharmacy, and environmental 
hazards, among others (8,25,26). The most accepted 
classifi cation of falls is based on whether risk factors 
are related to an extrinsic hazard or owing to an 
intrinsic disorder (16,27). Extrinsic falls are usually 
related to environmental hazards that cause the 
individual to slip, trip, or sustain an externally 
induced displacement, whereas intrinsic falls are 
generally related to mobility or balance disorders, 
muscle weakness, orthopedic problems, sensory im -
pairment, or a neurally-mediated cardiovascular 
disorder such as postural hypotension or post-
prandial hypotension (28). However, for almost 

80% of fallers, this classifi cation is of limited clinical 
applicability, as their falls were caused by a combi-
nation of intrinsic and extrinsic factors (29).

Through studies conducted by Tinetti and her 
colleagues, it is now known that the risk of falling 
increases consistently as the number of risk factors 
increases. Although modifying only one of these 
risk factors may reduce incidence of falls, the risk 
reduction is likely to be greater when multiple risk 
factors are modifi ed (15). From a clinical point of 
view, it is more effi cient to select interventions 
that simultaneously address several risk factors; 
this chapter proposes an aggregation of risk 
factors into four categories related to potential 
interventions. These categories are the following: 
neuromuscular problems, medical problems, car-
diovascular problems, and environmental prob-
lems. Table 9.2 lists these domains as well as their 
proposed risk factors, assessment measures and 
tests, and some potential interventions appro-
priate for each giving disorder. One important 
precipitator of falls is medication, which is in -
cluded under medical problems. Although there 

TABLE 9.2. Cause of Falls According to Risk Factor Identification and Grouped Regarding Potential Interventions

Domain assessed Risk factor/disease: Assessment Potential intervention

Neuromuscular Parkinsonism syndrome
Balance and gait problems
Lower extremity weakness

Gait velocity test
Get Up and Go
POMA

1—Supervised home-based exercise programs 
(structural gait retraining, balance, and lower 
transfer interventions, limb strengthening 
and flexibility exercises)

2—Provision of appropriate walking aids
3—Vitamin D and calcium supplementation

Medical Dizziness or vertigo
Visual impairment
Peripheral neuropathy
Hip problems or deformity
Cognitive problems or depression

History and examination, 
including review of drugs, 
visual acuity assessment, 
echocardiograph, short 
Geriatric Depression Scale

1—Appropriate investigation and management 
of untreated medical problems

2—Review and modification of psychotropic 
drugs, other culprit drugs, and polypharmacy

3—Optical correction by an optician or referral 
to an ophthalmologist

4—Formal psychogeriatric assessment

Environmental Environmental fall hazards Occupational therapy: assessment 
of environmental fall hazards 
using a standard checklist

1—Home hazard modification using standard 
protocol

Cardiovascular Orthostatic hypotension
Post-prandial hypotension
Vasovagal syndrome
Carotid sinus hypersensitivity

Measurement of morning 
orthostatic blood pressure, 
carotid sinus massage supine 
and tilted upright, prolonged 
head-up tilt

1—Advice on avoiding precipitants and 
modification of drugs

2—Postural hypotension: compression socks, 
fludrocortisone, or midodrine

3—Cardioinhibitory carotid sinus 
hypersensitivity: permanent pacemaker

4—Symptomatic vasodepressor carotid sinus 
hypersensitivity or vasovagal syncope: 
fludrocortisone or midodrine

POMA, performed oriented mobility assessment; MMSE, mini-mental status exam; GDS, gereatric depression exam.
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are inherent diffi culties in studying the role of 
medication as a risk factor for falls, there already 
exists strong evidence that both the type and class 
of medication, in particular psychotropics, seda-
tives, and vasodilators, and the sheer number of 
medications taken can be an important cause of 
falls in older adults (22,30–32).

Classification of Falls: The Value of 
the Gait Assessment

Falls can be classifi ed in a number of diverse ways, 
including by their number (single fall versus mul-
tiple falls); whether or not an injury was sustained 
(injurious falls versus non-injurious falls); and 
what risk factors may have been involved (intrin-
sic versus extrinsic factors). The traditional clas-
sifi cation, based on the presence of intrinsic and 
extrinsic factors, has been validated and is 
accepted worldwide (27); however, to attribute a 
fall to an extrinsic factor can be diffi cult as the 
majority of environmentally related falls result 
from an interaction with the intrinsic factors of 
that individual. Although the intrinsic-extrinsic 
categorization was originally intended to separate 
and identify multiple contributors to the fall, 
older people who experience an extrinsic fall often 
have an underlying intrinsic condition that 
decreases their ability to compensate for the haz-
ardous situation. In other words, there may be an 
intrinsic incapacity to avoid the external factors. 
As explained earlier, falls are often related to a 
complex interaction among these factors that can 
challenge postural control and the ability of the 
individual to maintain an upright position.

Problems in balance and gait performance 
are common in older people, having a profound 
impact on health and quality of life (22,33–35). A 
number of the disorders associated with the aging 
process affect mobility and gait in older persons: 
loss of muscle mass (sarcopenia), decreased visual 
acuity, impairment in proprioception and nerve 
conduction, and loss of the defence refl exes, to 
list just a few. In addition to these age-related 
changes, many chronic diseases, including arth-
ritis, neurological problems, and cardiac and 
respiratory conditions, have marked effects on 
gait and balance (36,37). The more frequent 
factors which can affect gait performance in older 

persons include muscle weakness, chronic pain, 
reduced joint mobility, and impaired central 
nervous system (CNS) processing (33).

Gait performance is a complex task that depends 
on the normal functioning of multiple systems 
working in a highly coordinated and integrated 
manner (33,38). As impairments in different 
domains can alter this delicate system, it has been 
hypothesized that different chronic con ditions 
such as visual or hearing problems, muscular 
weakness, osteoarthritis, or peripheral neuropa-
thy could be evidenced through gait performance 
(38). In addition, certain psychotropic medica-
tions such as benzodiazepines and neuroleptics, 
which have CNS action, may also affect gait per-
formance. Because gait is affected by several dif-
ferent conditions, gait performance refl ects 
different factors that can cause the fall syndrome. 
This fact may explain why gait problems per se are 
among the highest predictive risk factor for fall in 
older adults (6,33,38,39). Rather than looking for 
a single, rare disease that causes gait problems in 
older people, such as myelopathy or normal pres-
sure hydrocephalus, more prevalent causes should 
be sought. The identifi cation of these major con-
tributors will allow the formulating of an opera-
tional diagnosis for the individual’s gait problem 
and, in turn, provide further information on 
which to base a therapeutic plan.

Clinical observation can detect the main gait 
problems in the majority of the older adults, so 
formal testing in a gait laboratory is not neces-
sary for everyone. However, this kind of high-
tech analysis might be useful in particular cases, 
or for developing specifi c rehabilitation strate-
gies, and for research purposes. A focused and 
careful observation of the gait performance can 
detect subtle abnormalities, underlying impair-
ments, and the pathologic process involved. 
Table 9.3 describes some of the common causes 
of falls and gait problems in older adults, and 
their relation to performance-based evaluation. 
Operationally, underlying impairments on gait 
can be grouped into three major hierarchical 
categories based on the sensorimotor level 
involved, as outlined in Table 9.4. Nutt and 
Alexander have proposed this classifi cation of 
gait disorder in the elderly based on sensorimo-
tor levels coining the term “lower-level gait 
disorders” to refer to an altered gait that is a 
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result of lower extremity problem or peripheral 
dysfunction (33,40). This impairment can be 
attributed to joint and/or muscular problem as 
well as to a peripheral nervous disease. Lower 
extremity motor problems are prevalent in older 
adults and can lead to compensatory changes in 
gait as a result of chronic pain, joint and foot 
defor mities, or focal muscle weakness. Using this 
approach, Hough and colleagues have found that 
at least 50% of ambulatory elderly seeking a con-
sultation for gait impairment have joint or 
muscle problems in the lower limbs (41). A sys-
tematic review of the literature found that lower 
limb muscle weakness is signifi cantly associated 
with falls and subsequent disability in older 
adults (42).

At the middle sensorimotor level, the problem 
is based on the modulation of sensory and motor 
control of gait without affecting the ignition of the 
walking problem. Typical examples are the gait 
problems caused by Parkinson’s disease or those 
caused by spasticity secondary to hemiplegia. 
However, at the high sensorimotor level, gait 
characteristic become less specifi c while cognitive 
dysfunction, attentional problems, and fear of 
falling become more prominent features. In this 
category are “frontal gait” problems, “ignition 
gait” disturbances, and the “cautious gait” caused 
by fear of falling. Finally, combinations of these 
levels are frequently found as older adults may 
have defi cits at more than one level.

Among those older adults who do have a gait 
disturbance, the cause may be easily identifi able 
(e.g., Parkinson’s disease or previous stroke with 
hemiparesis); however, there are many older 
adults with an impaired gait for whom there does 
not appear to be a well-defi ned disease. Sudarsky 
and colleagues found that in patients attending a 
neurology clinic, the cause of the gait problem 
was frequently “unknown,” even after neuroim-
aging, in approximately 10–20% of older adults 
with a disturbed gait (35). In a study of the “oldest 
old,” whose age ranged from 87–97 years, Bloem 
and colleagues observed that approximately 20% 
of those studied had a normal gait, 69% had a gait 

TABLE 9.3. Common Causes of Falls and Abnormal Mobility and 
Gait in Older Adults in Relation to Performance-Based Evaluation

Symptom Potential cause

Difficulty rising from a chair Weakness
Osteoarthritis

Instability on first standing Hypotension
Weakness

Instability with eyes closed Problems related to proprioception

Decreased step height/
length

Parkinsonism
Frontal lobe disease
Fear of falling

TABLE 9.4. Common Cause of Gait Disorder in Older People According the Hierarchic Sensorimotor Level

Level Deficit/Condition Gait characteristic

Low Peripheral sensory ataxia: posterior column, 
peripheral nerves, vestibular and visual ataxia

Peripheral motor deficit owing to hip problems

Arthritis (antalgic gait, joint deformity)

Peripheral motor deficit owing to myopathic 
and neuropathic conditions (weakness)

Unsteady, uncoordinated (especially without visual input)

Avoids weight-bearing on affected side
Painful knee flexed
Painful spine produces short slow steps and decreased lumbar lordosis, kyphosis 

and ankylosing spondylosis produce stooped posture
Proximal motor neuropathy produces waddling and foot slap; Distal motor 

neuropathy produces distal weakness

Middle Spasticity from hemiplgia, hemiparsis
Spasticity from paraplegia, paresis
Parkinsonism

Cerebellar ataxia

Leg swings outward and in a semi-circle from hip (circumduction)
Circumduction of both legs; steps are short, shuffling, and scraping
Small shuffling steps, hesitation, acceleration (festination), falling forward 

(propulsion)
Wide-based gait with increased trunk sway, irregular stepping

High Cautious gait

Ignition failure

Fear of falling with appropriate postural responses, normal to widened gait base, 
shortened stride, slower turning en bloc. Performance improve with 
assistance or evaluator walking on the side

Frontal gait disorder: difficulty initiating gait; short, shuffling gait, like 
Parkinsonian, but with a wider base, upright posture, and arm swing presence

Adapted with permission from Nutt, et al. (40) and Alexander (33).
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disorder caused by known disease, and approxi-
mately 11% of the subjects had an idiopathic 
“senile gait disorder,” that is to say a gait disorder 
of unknown origin (43). Interestingly, those sub-
jects with a gait disorder of unknown origin had 
a higher risk of falls, fractures, hospitalizations 
and mortality after a 2–3 year follow up period, 
compared with age-matched subjects with a 
normal gait (39,44).

An additional value of gait assessment is to 
help in ruling out cardiovascular contributors 
to falls. It has been postulated that falls second-
ary to neurally mediated cardiovascular causes 
may be expressed by a different mechanism, 
without necessarily chronically affecting gait 
performance (39,45). Although the exact me -
chanism by which a neurally mediated cardio-
vascular problem causes a fall remains unclear, 
there is growing clinical evidence for its asso -
ciation with unexplained falls (46). Therefore, 
the absence of gait problems in older adults 
with recurrent falls should be an indicator of 
cardiovascular cause of falls in those individuals 
(47).

Falls and Fracture Risk Assessment: 
Who to Assess? How to Assess?

Falls are highly prevalent across the older popula-
tion; consequently, screening strategies have been 
developed and a systematic approach has been 
recommended (16).

The fi rst approach should include taking a 
history of previous falls, because this is the most 
important predictor for future falls. For patients 
who present with a positive history of falls, a com-
plete fall evaluation should include an assessment 
of balance and gait, vision acuity, and documenta-
tion of the individual’s medication history. This 
triad is considered to have a high predictive value 
for detecting older adults at higher risk for falls in 
the community (16).

Additionally, because 10 and 20% of falls 
are related to a hemodynamic episode such as 
postural hypotension and vasovagal symptoms, 
these entities should also be considered (45). 
Information regarding the circumstances of the 
falls is necessary in order to detect if there is a 

“medical or environmental pattern” to the falls. 
For instance, falls after taking certain medica-
tions or in an specifi c place of the house may 
lead to the identifi cation of drugs associated 
to falls (e.g., diuretics, vasodilators, and benzo-
diazepines) or environmental factors that may 
have contributed to the fall (e.g., a loose 
carpet, poor lighting, or a displaced piece of 
furniture).

However, particularly when there is a negative 
history of falls, gait and balance evaluation is 
considered to be the more important part of the 
assessment (16,25,33,38,48). Gait can be assessed 
from either a quantitative or qualitative per -
spective. Several tests have been validated that 
assess gait performance in older adults; however, 
as is common with most tests, each has its 
own set of advantages and disadvantages. The 
majority of the tests in use today have evolved 
from a test described fi rst by Mathis and Isaacs, 
namely the Get Up and Go Test (49). Briefl y, the 
Get Up and Go consists of rising from a chair, 
walking 3 m, turning around, walking back to the 
start point, and sitting down again. A later modi-
fi cation by Podsialo and Richardson incorpo-
rated a timed component to the performance 
measure of the test, thus providing extra infor-
mation for analysis and clinical interpretation 
(50). Because this test was initially created to 
evaluate frail elderly with disability, a problem 
faced when evaluating older persons in the com-
munity is a ceiling effect, because high-function-
ing older adults generally perform well on the 
task. Therefore, for these individuals a cut-off 
time of 12 seconds has been proposed in order 
to detect those vulnerable to suffer future falls 
(51). More complex tests such as the Performed 
Oriented Mobility Assessment (POMA) test and 
the Berg Balance Scale has been described and 
validated for assessing risk of falling in dif ferent 
scenarios (52–54).

A fi nal, powerful test that can be used in different 
settings is the gait velocity test. It has been 
demonstrated to be very sensitive test for detecting 
mobility problems and to predict falls, even in 
high-functioning older people. Gait velocity is 
measured as the time taken to walk a known and 
predetermined distance (e.g., the middle 8 m of 
10 m) and it is usually timed by a chronometer (38), 
with the participants being instructed to “walk at a 
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comfortable and secure pace.” The only limitation 
of the gait velocity test appears when it is used in 
people using assistive devices. In this situation, 
changes in the functionality may show less effect on 
gait velocity (55).

The proper gait and balance test needs to be 
selected regarding the population assessed. For 
instance, in long-term care facilities or when eval-
uating frail older adults with poor functionality, 
the Get Up and Go test may provide a good dis-
crimination for detecting those at risk. For better-
functioning older adults, such as older persons 
without disability, a more continuous measure-
ment without ceiling effects, such as the gait 
velocity test may be more appropriate. Once a gait 
problem has been detected with a quantitative 
test, it can be categorized with clinical observation 
using a hierarchical classifi cation (Table 9.4) or 
using an established quantitative protocol such as 
that of the POMA test.

In summary, the gait velocity test may serve as 
an initial step in the approach, and different cut-
off points for detecting individuals at high risk of 
falls can be established according to the popula-
tion evaluated. For example, it has been suggested 
to use a gait velocity cut off of 1 m/second in com-
munity elderly without disability, 0.8 m/second in 

older persons with disabilities, and 0.6 m/second 
in older persons living in nursing homes 
(33,38,39).

A second step is based on the assessment 
of the risk of injuries caused by falls. Specifi cally, 
the identifi cation of those at risk of falls in the 
fi rst step should prompt the assessment of risk 
of fracture. The more important factors for 
fracture risk are the history of previous osteo-
porosis fracture, the use of psychotropic medica-
tion, and the presence of sarcopenia and impaired 
mobility (56). This stepped approach is summa-
rized in Figure 9.3. Once assessment is completed 
and risk categorization determined, appropriate 
and focused strategies and interventions can be 
instituted.

Medical Strategies to Reduce Risk 
of Falls and Fall-Related Injuries: 
Who to Treat and How to 
Treat Them?

Interventions to reduce the risk of falls and the 
subsequent injuries are essential. Two kinds of 
strategies have been used: single intervention 
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FIGURE 9.3. Proposed approach to analyze falls in person with unexplained falls. (Adapted with permission from Montero-Odasso M, 
et al. [38].)
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strategies and multiple intervention strategies. A 
recent systematic review demonstrated that multi-
factorial risk assessments and treatment are 
among the most effective interventions for reduc-
ing falls; however, a single intervention that acts 
on several levels can provide an effective treat-
ment approach in specifi c cases (20,57). Two 
single interventions, which can be included in this 
area are exercises programs and vitamin D sup-
plementation. Exercise has been shown to have an 
important affect on muscle strength and balance 
and is currently the best single intervention avail-
able. A detailed description of existing strategies 
and the impact of this intervention are addressed 
in Chapter 10.

Vitamin D supplementation is a promising 
intervention in older persons with high risk of 
falls. Vitamin D is not merely a vitamin but also 
a pro-hormone and was, until recently, consid-
ered as one of the calciotropic hormones without 
a major signifi cance to other metabolic processes. 
Several recent fi ndings have demonstrated that 
vitamin D also plays a role as a factor for cell dif-
ferentiation, function, and survival (60). Bone and 
muscle have also been shown to be signifi cantly 
affected by the presence or absence of vitamin D. 
In bone, vitamin D stimulates bone turnover while 
protecting osteoblasts from dying via apoptosis, 
whereas in muscle, vitamin D maintains the func-
tion of type II fi bers, which helps to preserve 
muscle strength and prevent falls. Two major 
changes associated with aging, osteoporosis and 
sarcopenia, have been also linked to the develop-
ment of frailty in elderly patients. In both cases 
vitamin D plays an important role, because the 
low levels of this vitamin seen in the elderly may 
be associated with a defi cit in bone formation and 
muscle function.

Giving Vitamin D in Older Adults at 
High Risk of Falls: Does It Work?

Role of Vitamin D on Muscle and 
Neuromuscular Function

As stated earlier, gait and balance problems are 
principal contributors of falls in elderly people. 

Although several mechanisms are implicated in 
the balance control, muscular function is a main 
component of the balance system. Previously, the 
moderate protective effect of vitamin D on frac-
ture risk has been attributed primarily to 
bone mineral density changes. However, vitamin 
D may also directly improve muscle strength, 
thereby reducing fracture risk through fall pre-
vention. Two landmark randomized controlled 
trials have found that vitamin D reduced fractures 
within 8–12 weeks, a fi nding consistent with 
muscle strength benefi ts more than improvement 
in the bone density or bone strength, because 
treatment for a greater period of time is needed to 
achieve an improvement in bone mass (24,56). 
The term osteomalacic myopathy describes the 
effect that the defi cit in vitamin D has on muscu-
lar function and strength (58). Clinical fi ndings in 
osteomalacic myopathy include proximal muscle 
weakness, diffuse muscle pain, and gait impair-
ments such as a waddling gait (59). The fast and 
strong type II muscle fi bers are the fi rst to be 
recruited to avoid falling, and because of the fact 
that primarily these fi bers are affected by vitamin 
D defi ciency, it has been hypothesized that vitamin 
D defi ciency may increase the risk of falls in 
elderly people. Indeed, the histopathological 
changes of vitamin D-defi cit myopathy are quite 
similar to the changes seen in the age-related 
muscle loss (60). This process, recently given the 
name sarcopenia, is attributed to the reduction of 
the numbers of both type I and type II fi bers with 
marked type II fi ber atrophy (61). Although 
several physiological mechanisms have been 
implicated in the development of sarcopenia, the 
role of vitamin D metabolism is still not well 
understood (62). The cellular effect on muscle 
after vitamin D supplementation was demon-
strated in one study where treatment with vitamin 
D increased the relative number and size of type 
II muscle fi bers of elderly women within 3 months 
of treatment (62).

Few studies have been conducted that answer 
questions about the effects of vitamin D on balance 
and gait performance, and those few have gener-
ally looked for these improvements only in terms 
of secondary outcomes. Specifi cally, vitamin D 
plus calcium compared with calcium alone 
decreased body sway by 9% within 2 months of 
treatment in elderly ambulatory women. And 
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similarly, vitamin D plus calcium compared with 
calcium alone increased musculoskeletal function 
by 4–11% in institutionalized elderly women (63). 
Although there is evidence that vitamin D supple-
mentation improves the muscle strength, mass, 
and function in older adults with a vitamin D defi -
ciency; to extrapolate these fi ndings to the general 
population is still premature because of the short-
age of studies, and it is still an area for further 
clinical research.

The Fragility Fracture and Vitamin D

This concept is associated to those fractures 
that are not related to a signifi cant trauma and 
are associated with a lack of bone strength (64). 
The presence of fragility fracture in a patient is 
the strongest known risk factor of future frac-
tures (65,66). There are several studies that 
suggest that the lack of vitamin D action is an 
important pre-disposing factor for fragility frac-
tures. In fact, bone strength is the consequence 
of a coordinated and well-regulated bone turn-
over with a certain level of coordination among 
bone cells. The absence of vitamin D will deter-
mine an initial reduction in bone turnover owing 
to the lack of activity followed afterward by a 
compensatory response induced by parathyroid 
hormone (PTH). Indeed, the typical feature of 
senile osteoporosis is a marked defi cit in bone 
turnover, which could be explained by a reduc-
tion in the activity of vitamin D as one of the 
main factors (67).

The Effect of Vitamin D Supplementation 
and Falls

During the last 10 years, several trials have 
included among their primary or secondary out-
comes variables for addressing the question of 
whether supplementation with vitamin D 
improves muscle function and prevents mobility 
decline, falls, and fractures (Table 9.5). Pfeifer 
and colleagues compared the effect of 8 weeks of 
treatment with a daily dose of vitamin D (800 IU) 
and calcium (1200 mg) versus calcium 1200 mg 
alone in 148 healthy elderly women (63). After a 

1-year follow-up, they found a reduction in both 
the total number falls and the number of fallers. 
This study also demonstrated an improvement 
in balance as measured by body sway in the 
vitamin D group, suggesting that vitamin D may 
improve postural stability in people who received 
the combined treatment. Bischoff and colleagues 
studied 122 elderly women in a long-term geri-
atric facility and compared the rate of falls before 
and after the intervention. The subjects were 
randomized to either 1200 mg calcium and 800 IU 
vitamin D or 1200 mg calcium alone. Women 
treated with vitamin D plus calcium experienced 
a 49% relative reduction in falls when compared 
to the group that received calcium alone (68). In 
both of these studies, the participants had an 
existing severe vitamin D defi ciency. By contrast, 
study conducted in 445 healthy participants aged 
65 years and older that had high serum levels of 
25(OH)D did not fi nd differences in the rate of 
falls after supplementation with vitamin D and 
calcium. The participants were randomized for 
taking a daily dose of 700 IU vitamin D and 
500 mg calcium or placebo over 3 years. The 
main outcome evaluated in this particular study 
was the number of non-vertebral fractures, which 
was signifi cantly lower in the treatment group, 
and falls were a secondary outcome (36). Lips 
and colleagues investigated the effect of vitamin 
D on falls as a sub-study of a larger trial. This 
trial involved participants living in apartments 
for older people who were given 400 IU of vitamin 
D3 or placebo for an average of 2 years (69). 
After prospective monitoring of falls over a 28-
week period, no difference was found in the risk 
of falls between the intervention and control 
groups.

The Frailty Intervention Trial in Elderly 
Subjects investigated the effect of a single dose 
of 300,000 IU vitamin D2 supplementation or 
placebo on muscle strength, walking velocity, 
and new falls in 243 hospitalized frail older 
patients (70). The outcomes were evaluated for 
a period of 6 months. Despite a signifi cant 
increase in 25(OH)D levels in the treatment 
group, no differences were found between the 
vitamin D and control group across any of the 
outcomes.

The effect of vitamin D on the prevention 
of fractures shows variable results. A large 
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TABLE 9.5. Clinical Trials of Treatment With Vitamin D and Effect in Mobility, Falls, and Fractures

Trial/Design Intervention Participants Muscle outcomes Falls outcomes Fractures outcomes

Pfeifer et al. (63), 
2000 
RCT 
Double blind

800 IU/day and 
1200 mg calcium 
for 8 weeks 1-year 
follow-up

N = 148. Healthy 
women 
Baseline levels: 
25(OH)D: 10 µg/L

↓ sway in 2/3 measures 
on balance platform 
at 8 weeks.

Intervention group had 
↓ number of falls (30 
vs. 17) and ↓ number 
of people who fell 
(19 vs. 11)

Not evaluated

Bischoff et al. (68), 
2001 
RCT 
Double blind

800 IU/day and 1200 
calcium for 12 
weeks

N = 122. Older 
women in long-
term stay geriatric 
institutions 
Baseline levels: 
Not reported

Improved muscle 
performance 
(P = 0.0094)

Intervention group had 
↓ number of falls 
(250 vs. 55), 49% 
reduction in falls 
(95% CI 14–71%)

Not evaluated

Dawson-Hughes 
et al. (36), 1997 
RCT 
Double blind

700 IU/day and 
500 mg calcium 
for 3 years

N = 445. Healthy, 
ambulatory men 
and women 
Baseline levels: 
25(OH)D: Men = 
33.0 ± 16 µg/L 
Women = 28.7 ± 
13.3 µg/L

Not evaluated No difference in 
percentage of people 
who fell, number of 
falls per person 
slightly higher in 
intervention group

Reduced non-
vertebral 
fractures 
(26 vs. 11)

Graafmans et al. 
(77), 1996 
RCT 
Double blind

400 IU/day for mean 
2 years; falls 
monitored for 28 
weeks

N = 354. Men and 
women living 
residences Baseline 
levels: 25(OH)D: 
Median 10.8

Not evaluated No difference between 
groups in the odds of 
having a fall, OR 1.0 
(95% CI 0.6–1.5)

Not evaluated

Latham et al. (70), 
2002 
RCT 
Double blind

300,000 IU/single 
dose

N = 243. Frail older 
people Baseline 
levels: 25(OH)D: 
Median 16 µg/L

Manual muscle strength; 
balance test and 
timed walk: no 
difference between 
groups

Falls over 6 months: no 
difference between 
groups

Not evaluated

Chapuy et al (72), 
2002 
RCT 
Double blind

Vitamin D 800 IU/day 
and 1200 mg of 
calcium for 2 
years

N = 610. Women 
residents of 
apartments for the 
elderly Baseline 
levels: 25(OH)D: 
8.5 ± 5.3 µg/L

Not evaluated No significant difference 
in falls (63.9% in 
active vs. 62.1% in 
placebo)

Relative risk of hip 
fracture in 
placebo group 
RR = 1.69 (95% 
CI 0.96–3.0)

Trivedi et al. (73), 
2003 
RCT 
Double blind

100,000 IU/single 
dose every 4 
month

N = 2686. Community 
elderly Baseline 
levels: not 
reported

Not evaluated Not evaluated Relative risk of hip 
fracture in 
placebo group 
RR = 1.69 (95% 
CI 0.96–3.0)

RCT, randomized controlled trial; 25(OH)D, 25 hydroxyvitamin D; IU, international units; RR, relative risk; CI, confidence interval. 

study conducted by Chapuy and colleagues 
showed a reduction in fractures in women 
with a severe vitamin D defi cit (serum 25OHD 
14 ng/mL) after a supplementation with vitamin 
D (71). The same author in a study conducted in 
older women in France found signifi cant in -
creases in 25(OH)D levels and a decreased risk 
of hip fracture, but no difference in the number 
of fallers between the experimental and control 

groups during 2 years of follow-up (72). The 
study from Dawson-Hughes and colleagues, 
which failed to detect a reduction in the number 
and rate of falls, did show a signifi cant reduction 
in non-vertebral fractures (36). In addition, a 
recent study by Trivedi, involving 2686 subjects 
receiving 100,000 IU of vitamin D3 every 4 
months, showed a reduced rate of fractures by 
22% (73).
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Rationale of Giving Vitamin D

The variability of the results assessing the effect 
of vitamin D on fractures and falls prevention has 
led the researchers to postulate several different 
hypothesis. First, as both muscle and brain contain 
vitamin D receptors (VDR), it has been postulated 
that vitamin D3 (calcitriol) improves both muscle 
and CNS function, affecting balance (74). Second, 
a direct effect on muscle without a signifi cant 
effect on bone has also been postulated. In a recent 
meta-analysis combining fi ve randomized con-
trolled trials, there was a 13% reduction in falls 
after treatment with vitamin D without docu-
mented changes on bone mass (75). On the other 
hand, a systematic review of controlled trials 
undertaken to assess the effectiveness of vitamin 
D supplementation on muscle strength, physical 
function, and falls in older people did not fi nd 
enough evidence to determine the roll of vitamin 
D in these issues (76).

All of the studies that found a positive effect on 
the rate of falls have utilized a vitamin D supple-
mentation regimen of at least 800 IU or equivalent 
per day and calcium. These fi ndings provide a 
rationale to use this combined supplementation 
approach. Although the precise optimal dose of 
vitamin D has yet to be established, recent studies 
seem to indicate that dosages higher than the cur-
rently recommended 800 IU/day may be required 
in order to achieve neuromuscular improvement. 
It has been suggested by some that doses approach-
ing 3000 IU/day may be necessary to achieve the 
neuromuscular outcomes described.

It has been recommended that serum 25(OH)D 
concentration be measured after vitamin D sup-
plementation has begun so as to ensure a level 
higher than 50 nmol/L, and preferably between 
50–80 nmol/L, is maintained in those with a high 
risk of falls and fractures, especially older individ-
uals. Finally, it has been postulated that patients 
who experience falls may have a defi ciency of 
vitamin D. For instance, studies evaluating patients 
who attended fall clinics have shown that hypovi-
taminosis D is very common, affecting roughly 
72% of this population (78). Since the benefi ts of 
vitamin D supplementation in older people are 
well recognized and without toxic effects, a prag-
matic approach may be to supplement all older 
adults who are at risk of falls and fracture.

Conclusion

Falls and fractures represent an important and 
sometimes neglected feature in older adults. A 
systematic approach based on clinical assessment 
and performed-based measurements with a simple 
gait assessment can detect those at higher risk. 
During the evaluation of the risk of injuries, 
special attention should be paid to frail older 
adults with clinical signs of vitamin D defi ciency. 
Interventional strategies based on multi-factorial 
or single interventions such as medication modi-
fi cation, resistance and balance exercises, as well 
as vitamin D supplementation may be imple-
mented based on the defi cits and impairments 
detected on evaluation.

An integrated treatment should emerge that 
involves a combination of medical, rehabilitative, 
environmental, and psychosocial interventions.
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10
Non-Pharmacological Treatments 
for Falls and Fractures
Stephen R. Lord, Jacqueline C.T. Close, and Catherine Sherrington

There is now strong evidence to support interven-
tions in the prevention of falls in older people. 
Strategies shown to successfully reduce falls in 
randomized controlled trials (RCT) include exer-
cise, occupational therapy interventions incorpo-
rating education and home hazard modifi cation, 
psychotropic medication withdrawal, expedited 
cataract extraction, cardiac pacing for carotid 
sinus hypersensitivity, and targeted multi-
factorial interventions. Some trials in nursing 
homes have found that hip protectors, if worn, 
prevent hip fractures. However, poor compliance 
is a major issue limiting the effectiveness of this 
intervention. This chapter describes and discusses 
the non-pharmacological approaches to the pre-
vention of falls and fall-related injuries in older 
people, and emphasizes the strategies shown to be 
effective in a range of population groups.

Exercise

Exercise is the most tried and tested approach to 
falls prevention, and has been shown to be suc-
cessful as a single intervention strategy in com-
munity-dwelling populations. It is also effective in 
residential- and aged-care facilities when part 
of multi-factorial interventions. Exercise covers 
a wide range of physical tasks (e.g., balance, 
strength, fl exibility) delivered in numerous for-
mats. Though there are many health and social 
benefi ts from a range of exercise regimes, the 
evidence supports balance training as an effec          -
tive intervention to impact signifi cantly on falls 
rates.

Home-Based Exercise Programs

The Otago Exercise Programme is a regimen of 
home exercises using a combination of strength 
and balance exercises supplemented with a 
walking program. It is designed to be individually 
prescribed by a trained professional, undertaken 
2–3 times per week, and progressed over time. 
This program has been evaluated in a series of 
RCTs. In the original study, among women aged 
over 80 years (1), there was a signifi cant reduction 
in falls over a 12-month period (between group 
difference = 0.47, 95% confi dence interval [CI] 
0.04–0.90). At the end of a second year (with 69% 
of intervention and 74% of control group continu-
ing from the original study), the reduction in falls 
rates remained signifi cant (relative risk [RR] 0.69, 
95% CI 0.49–0.97 [2]).

Further evaluation of the Otago Exercise Pro-
gramme was undertaken in an RCT with commu-
nity-dwelling older people. But this time, the 
program was delivered by a community nurse 
(trained by a physiotherapist) (3). In a controlled 
trial, it was also repeated in routine health care 
settings (4). Again, falls were reduced with both 
these approaches (incident rate ratio [IRR] 0.54, 
95% CI 0.32–0.90 and IRR 0.70, 95% CI 0.59–0.84, 
respectively). Subsequent meta-analysis and 
economic evaluation of the Otago Exercise Pro-
gramme demonstrated that maximum benefi ts 
are achieved by targeting people aged 80 years and 
over, and those with a history of falls (4). The 
meta-analysis also showed that fall-related inju-
ries were reduced by 35% (IRR 0.65, 95% CI 
0.53–0.81).
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The role of strength training in falls prevention 
is less clear. In a well-designed and executed RCT 
of older people recently discharged from hospital 
(5), seated quadriceps strengthening exercises 
failed to reduce falls rates and was associated with 
a signifi cant risk of musculoskeletal injury (RR 
3.6, 95% CI 1.5–8.0).

Group Exercise Programs

Several studies have investigated the effective-
ness of a group exercise approach to falls re -
duction. This is an important concept, as many 
older people enjoy the socialization and opportu-
nity to leave the home that a group exercise 
program offers. Group exercises may be individ-
ualized and tailored to the needs of the older 
person or involve all participants undertaking the 
same exercises and at the same intensity. Not all 
programs are progressed over time, which may 
limit the benefi ts of exercise. A range of exercise 
programs has been trialed in a number of set-
tings, and have targeted populations ranging 
from the fi t/healthy end to the frailer end of the 
spectrum.

Several studies have found that group exercise 
programs that combine balance, strength, and 
functional components can prevent falls (6–12). 
Most have been individually tailored and pro-
gressive. Many include supplementary home 
exercises. For example, Skelton et al. (6) used 
exercises based on the Otago program, and 
reduced falls when compared to an attention 
control group (IRR 0.69, 95% CI 0.50–0.96). Sim-
ilarly, Barnett et al. found that group-based 
balance and strength exercises signifi cantly 
reduced falls in community-dwelling people 
(IRR 0.60, 95% CI 0.36–0.99) (7). A cluster ran-
domized trial targeting residents of retirement 
villages and hostels tested a 12-month group 
exercise program designed to address falls risk 
factors and improve physical functioning (8). 
This intervention resulted in a 22% reduction in 
falls in the intervention group (IRR 0.78, 95% CI 
0.62–0.99).

Tai Chi programs have also been effective in 
preventing falls. The fi rst study in this area by 
Wolf et al. (11), found that Tai Chi was successful 
in increasing the time to fi rst fall (unadjusted RR 
0.63, 95% CI 0.45–0.89). A similar study in a popu-

lation that had not been involved in strenuous 
activity in the previous 3 months (12) also showed 
reduced fall rates after adjustments for co-variates 
(RR 0.46, 95% CI 0.26–0.8).

Wolf et al. also used a cluster-randomized trial 
of congregate living facilities to target more 
impaired older adults with a 48-week Tai Chi 
program (13). With this selected population, 
there was no signifi cant reduction in falls, but a 
trend towards improvement (RR 0.75, 95% CI 
0.52–1.08). It seems that this population were 
unable to adequately perform the exercises to 
obtain the same level of benefi t gained by the 
younger, fi tter subjects in the other trials.

There have also been a number of trials that 
have failed to show benefi ts of exercise in prevent-
ing falls (14–19). Comparisons with successful 
trials suggest that this may be owing to low adher-
ence to interventions, exercises being insuffi -
ciently challenging to balance, and a failure to 
progress exercise over time.

Visual Interventions

As visual loss is often correctable in older people 
(20–22), simple intervention strategies such as 
regular eye examinations, use of correct prescrip-
tion glasses, cataract surgery, and the removal of 
tripping hazards in the home and public places 
have the potential to prevent falls in older people. 
Bi- and multi-focal glasses have been identifi ed as 
a risk factor for falls in community-dwelling older 
people (23), which indicates that the use of single 
lens distance glasses instead of bi- or multi-focal 
glasses in higher-risk situations such as negotiat-
ing stairs, walking outside the home, and using 
public transport may also reduce the risk of 
falling.

Three RCTs have evaluated the effi cacy of 
discrete visual interventions in preventing 
falls (9,24,25). The fi rst involved 1090 subjects 
aged 70 years and over, and used a factorial 
design to assess the independent effects of 
interventions aimed at vision improvement, 
home hazard reduction, and group exercise (9). 
The visual improvement intervention comprised 
a referral to the participant’s usual eye-care 
provider if the participant had impaired vision 
(poor visual acuity, decreased stereopsis, and/or 
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reduced fi eld of vision) and he or she was not 
already receiving treatment for this problem. 
The eye-care provider was also given the 
screening assessment results. Those randomized 
to the visual intervention had an estimated 
reduction of 4.4% in the annual falls rate (rate 
ratio for time to fi rst fall = 0.89, 95% CI 0.75–
1.04), a difference that did not reach statistical 
signifi cance.

Two related trials have examined the effects of 
expedited cataract surgery in reducing fall rates. 
The fi rst study involving 306 women aged 70 
years and over (24) examined the effi cacy of cata-
ract surgery on the fi rst eye. Subjects were ran-
domized to either expedited (approximately 4 
weeks) or routine (12-month wait) surgery. 
Vision, visual disability, physical activity levels, 
anxiety, depression, and balance confi dence 
improved signifi cantly in the operated group at 
the 6-month retest. And over the 12 months of 
follow-up, the fall rate in the operated group was 
reduced by 34% compared with the controls (IRR 
0.66, 95% CI 0.45–0.96). Although the number of 
cases was few—four subjects in the operated 
group (3%) and 12 (8%) in the control group—
this trial also demonstrated that a falls-
prevention intervention can be effective in 
reducing fractures (p = 0.04).

A follow-on study by the same group, aimed 
to determine if second eye cataract surgery 
leads to a further reduction in falls as well as 
measuring associated health gain (25). 239 
women over 70, who had been referred to a 
hospital ophthalmology department, with one 
unoperated cataract, were randomized to either 
expedited (approximately 4 weeks) or routine 
(12-month wait) surgery. Visual function (espe-
cially stereopsis), confi dence, visual disability, 
and handicap all improved in the operated com-
pared with the control group. Over 12 months of 
follow-up, the rate of falling was reduced by 32% 
in the operated group (IRR 0.68, 95% CI 0.39–
1.19). This study planned for a larger sample 
size, where a 32% reduction would have reached 
statistical signifi cance. Ironically, the success of 
the fi rst trial prompted policy changes to expe-
dite cataract surgery for all older people, effec-
tively rendering recruitment of control subjects 
impossible.

Withdrawal of Psychoactive and 
Other Medications

Studies undertaken in both community and insti-
tutional settings have consistently found strong 
associations between falls and use of multiple 
medications (26) and centrally acting drugs 
(sedative/hypnotics, anti-depressants, and anti-
psychotics) (27). Use of anti-infl ammatory drugs, 
however, does not appear to be associated with 
increased risk of falls after controlling for the 
presence of arthritis (28). Results of studies into 
use of anti-hypertensive medications have been 
contradictory, and a recent meta-analysis con-
cluded that there was not suffi cient evidence to 
consider the use of these drugs to be a risk factor 
for falls (28).

Given the link between centrally acting medica-
tions and falls risk, one might reasonably expect 
that withdrawal of centrally acting medications 
would be of benefi t. In a factorial RCT of gradual 
psychoactive medication withdrawal and home-
based exercise, Campbell et al. (29) found a 
signifi cant reduction in falls in the older commu-
nity-dwelling people randomized to the medica-
tion withdrawal arms of the study. This is a very 
encouraging fi nding, as the risk of falling for those 
who completed the trial was reduced by 65% (rel-
ative hazard 0.34, 95% CI 0.16–0.74). However, 
there were considerable problems encountered in 
undertaking this study, which emphasizes how 
diffi cult it is for older people to stop using psy-
choactive medications. First, it proved very diffi -
cult to recruit subjects into the trial, with 400 of 
the 493 (81%) eligible subjects declining partici-
pation. Further, of the 48 subjects who agreed to 
participate and were randomized to the psychoac-
tive withdrawal programs, only 17 (35%) com-
pleted the trial. Eight of the 17 subjects who 
successfully completed the trial also restarted 
taking psychoactive medications within 1 month 
of the completion of the study. Given the diffi cul-
ties in undertaking this trial, it is clear that avoid-
ing prescribing these drugs if clinically possible 
would be a preferred approach.

Psychosocial treatments are effective in the 
treatment of anxiety, depression, and sleep dis-
turbances in older people, and as such provide 
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alternatives or complementary approaches to 
the pharmacological management of these condi-
tions. Simple behavioral and environmental inter-
ventions and the prescription of exercise also 
offer additional means of enhancing sleep quality 
in this group (26).

Pacemaker Insertion for Treatment of 
Carotid Sinus Hypersensitivity (CSH)

Recent studies indicate that the cardio-inhibitory 
form of CSH, often cited as a cause of drop 
attacks and syncope, may be responsible for a sig-
nifi cant proportion of the unexplained falls (30). 
Prospective case-control studies have found that 
CSH (diagnosed by a 3-second period of asystole, 
a 50-mmHg drop in blood pressure, or both 
following carotid sinus massage) is present in 
one-third of patients admitted to hospital for 
falls (31–33).

In response to this observation, Kenny et al. 
(34) conducted a RCT examining the benefi ts of 
detailed cardiovascular investigation of unex-
plained fallers presenting to an Emergency 
Department and insertion of a dual-chamber 
pacemaker for those shown to have the cardio-
inhibitory form of CSH. Of 3384 subjects who had 
a history of “non-accidental” falls, 1624 (48%) 
agreed to, or were suitable for, carotid sinus 
massage, and of these, 283 (17%) were diagnosed 
with CSH. A total of 43 of these subjects declined 
further involvement in the study and 39 were on 
cardiovascular medications that could not be 
discontinued. In consequence, 175 subjects were 
randomized into the study. Over the period of 
the study, falls were reduced in the pacemaker 
group by two-thirds compared to the control 
group, and the paced group were signifi cantly 
less likely to fall (odds ratio [OR] 0.42; 95% CI 
0.23–0.75).

With such a substantial reduction in falls, the 
case is well made for appropriate cardiovascular 
assessment, including carotid sinus massage, for 
those people with recurrent unexplained falls and 
syncope. However, the applicability of these fi nd-
ings beyond this small population of fallers is 
questionable. The potential neurological complica-

tions should also not be overlooked and so informed 
consent is essential for this procedure (35).

Reducing Hazards in the Home

Most homes contain potential hazards, and many 
older people attribute their falls to trips or slips 
inside the home or immediate home surround-
ings. However, the existence of home hazards 
alone is insuffi cient to cause falls. The interaction 
between an older person’s physical abilities and 
their exposure to environmental stressors appears 
to be more important (36).

Three studies have targeted interventions 
focused on at-risk groups. Cumming et al. (37) 
conducted a study among 530 community-dwell-
ers, most of whom had been recently hospitalized. 
The intervention group received a home visit by 
an occupational therapist who assessed the home 
for environmental hazards and facilitated any 
necessary home modifi cations. There was no 
signifi cant reduction in falls in the intervention 
group as a whole. There was however a signifi cant 
reduction in the rate of falls among those who had 
fallen in the year prior to the study (RR 0.64, 95% 
CI 0.50–0.83). Falls in this group were signifi cantly 
reduced both inside and outside of the home, 
suggesting that the home modifi cations alone 
may not have been the major factor in the reduc-
tion in falls rates. Other aspects of the occupa-
tional therapy intervention, which included advice 
on footwear and behavior, may have played an 
important role.

The Falls-HIT trial specifi cally addressed home 
modifi cations, and reported a signifi cant reduc-
tion in falls (38). This study involved 361 people 
with mobility limitations who had recently been 
discharged from hospital. The intervention con-
sisted of home assessment and recommendations 
in addition to training in the use of mobility aids. 
At 1-year follow-up, the intervention group had 
31% fewer falls than the control group (IRR 0.69, 
95% CI 0.51–0.97), with sub-group analysis reveal-
ing that the intervention was particularly effective 
in those with a history of multiple falls (IRR 0.63, 
95% CI 0.43–0.94).

The third RCT involved a factorial design in 391 
community-dwelling people aged 75 years and 
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over with visual acuity of 6/24 or worse 40 (39). 
The participants received an occupational therapy 
(OT)-delivered home assessment and modifi ca-
tion program (n = 100), an exercise program pre-
scribed at home by a physiotherapist plus vitamin 
D supplementation (n = 97), both interventions 
(n = 98), or social visits (n = 96). Fewer falls 
occurred in the group randomized to the home 
safety program (IRR 0.59, 95% CI 0.42–0.83), 
where 90% complied partially or completely with 
one or more of the OT recommendations.

Reducing hazards in the home does not 
appear to be an effective falls prevention strategy 
in the general older population and those at 
low risk of falls (36). However, home hazard 
reduction is effective if targeted to older people 
with a history of falls and vision and mobility 
limitations. The effectiveness of home safety 
interventions may depend on/be maximized by 
improved transfer abilities or other behavioral 
changes. Environmental assessment and modifi -
cation by trained individuals also appears to con-
tribute to the success of multi-faceted falls 
prevention programs in at-risk groups. Solutions 
to potential barriers to an individual’s adoption 
of home modifi cations, such as education and 
fi nancial assistance, need to be considered and 
addressed.

Multi-Factorial Interventions

Multi-factorial interventions involve identifying 
a range of risk factors associated with falls and 
interventions based on the identifi ed risk profi le. 
Multi-factorial interventions have been shown to 
be effective in a number of settings, and it is worth 
noting that in hospitals and residential aged care 
facilities, only multi-factorial interventions have 
been shown to be effective in preventing falls. 
This is perhaps a refl ection of the frailty of 
these populations and the multiple risk factors 
present.

The fi rst successful evaluation of a multi-
factorial intervention program conducted by 
Tinetti et al. was published in 1994 and used tar-
geted risk factors as a means of identifying an 
at-risk population and guiding intervention (40). 
Interventions included: medication adjustment, 
behavioral change recommendations, education 

and training, and home exercise programs. During 
the 1-year follow-up period, 47% of the control 
group fell compared with only 35% of the inter-
vention group (p = 0.04). The adjusted incidence 
ratio for falling in the intervention group as com-
pared with the control group was 0.69 (95% CI 
0.52–0.90).

A large randomized trial of a multi-factorial 
falls prevention program undertaken by Wagner 
et al. (41) showed some benefi ts of targeted 
intervention strategies. This study involved 1559 
members of a Health Maintenance Organization 
(HMO). One group received a home-based assess-
ment conducted by a nurse and follow-up inter-
ventions (targeting inadequate exercise, alcohol 
use, medication use, and hearing and visual 
impairments). A second group received a general 
health promotion nurse visit, and the third group 
received usual care. The intervention group expe-
rienced signifi cantly fewer falls than the usual 
care group over the fi rst year of follow-up. 
However, differences between the nurse assess-
ment with follow-up intervention group and the 
general health promotion nurse visit group were 
not signifi cant. Benefi ts were not well maintained 
in the second year of follow-up, with no difference 
in falling rates between the groups at this time. 
This suggests the need for ongoing monitoring of 
and intervention for falls risk factors.

Several falls prevention programs have used 
group education sessions. In a randomized trial 
involving 3182 independently living HMO 
members aged 65 and over, Hornbrook et al. (42) 
found that a home assessment and advice on 
modifi cations followed by a group education, 
exercise, and discussion program reduced falls by 
11%. However, Reinsch et al. (43) found that a 
general non-targeted education program involv-
ing classes on exercise, relaxation, and health and 
safety topics was not effective in preventing falls 
among community-dwellers attending senior 
citizens centers.

There is some evidence of the effi cacy of home-
based health and disability screening for older 
people. Although these programs have broader 
aims than reducing falls, they can involve the 
identifi cation of risk factors for falling. Carpenter 
et al. (44) conducted a randomized trial involving 
539 people aged 75 and over. The intervention 
group were visited and assessed by volunteers 
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at regular intervals. Participants who developed 
increasing disability were referred to their family 
doctor for interventions as required. The number 
of falls reported by the control group doubled 
between the fi rst and last interview, but remained 
the same for the intervention group. However, 
another study (45) found only a trend to a 
decreased falls rate following one screening 
visit by a physician’s assistant or nurse then two 
follow-up visits by trained volunteers. Potential 
problems identifi ed by the screening tool were 
addressed with referral and/or advice. A letter 
outlining fi ndings and recommendations followed 
the screening visit.

Patients presenting to the Emergency Depart-
ment represent an easily identifi able high-risk 
population. A study by Close et al. (46) looked 
specifi cally at older people presenting to the 
Emergency Department with a fall. The authors 
found that a medical and occupational therapy 
assessment and subsequent tailored intervention 
resulted in a signifi cant decrease in fall rates over 
a 1-year period. A substantial reduction in the risk 
of falling (OR 0.39, 95% CI 0.23–0.66) and the risk 
of recurrent falls (OR 0.33, 95% CI 0.16–0.68) was 
reported. The intervention also had a signifi cant 
impact on functional ability when compared to 
usual care. Similar results have been reported by 
Davison et al., again highlighting the benefi ts of a 
multi-faceted approach to intervention in the 
Emergency Department setting (47).

Preventing Falls in Hospital Patients

Two RCTs have evaluated the effects of multi-
faceted falls prevention programs in hospital 
settings. Haines et al. (48) developed a targeted, 
multi-factorial intervention falls prevention pro-
gram and evaluated this in an RCT among 626 
patients of three sub-acute wards in Melbourne, 
Australia. Interventions included a falls risk alert 
card with information brochure, an exercise 
program, an education program, and hip pro-
tectors. Participants in the intervention group 
experienced 30% fewer falls than participants in 
the control group. This difference was signifi cant 
(P = 0.045), but not until after 45 days of 
obser vation. The results, though positive, have 
limited value when extrapolating to acute and 

other sub-acute settings where length of stay is 
considerably less.

Encouraging fi ndings regarding the effective-
ness of interventions for preventing falls in 
hospitals have also been reported by Healy et al. 
(49), who conducted a cluster RCT in matched 
pairs of eight aged care wards and associated 
community units of a district general hospital in 
northern England. The intervention involved a 
care plan for patients identifi ed at risk of falling, 
with targeted interventions addressing visual 
impairment, medication use, low or high blood 
pressure, abnormal urine test results, immobility, 
and poor footwear. The intervention also con-
sidered a bedrail risk/benefi t assessment, bed 
height, simple environmental modifi cations, and 
patients’ position in the ward. Compared with 
baseline fall rates, falls were signifi cantly reduced 
only in the intervention wards, with a signifi cant 
between-group difference (RR 0.71, 95% CI 
0.55–0.90).

More work is required with respect to prevent-
ing falls in hospitals. Research has concentrated 
on aged care and rehabilitation wards, yet older 
people are cared for in many different wards in a 
hospital. So a failure to address the issue at a 
hospital level will reduce the potential benefi ts 
of introducing a hospital-wide approach to falls 
prevention.

Preventing Falls in 
Nursing Home Residents

There have been several RCTs investigating falls 
prevention programs in residential aged care 
facilities. Three RCTs have found that multi-
faceted programs can decrease falls. Jensen et al. 
(50) conducted a cluster RCT among 439 residents 
of nine residential care facilities in Sweden. An 
11-week multi-disciplinary program of general 
and resident-specifi c tailored strategies was found 
to signifi cantly reduce falls during a 34-week 
follow-up period (adjusted IRR 0.60, 95% CI 
0.50–0.73). This program involved educating 
staff, modifying the environment, implementing 
exercise programs, supplying and repairing 
aids, reviewing drug regimens, providing hip 
pro tectors, having post-fall problem-solving 
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conferences, and guiding staff. A sub-group anal-
ysis of this study showed that only people with a 
Mini-Mental State Examination Score of greater 
than 18 benefi ted from the intervention, thus 
leaving open the question as to the value of inter-
vention in those with cognitive impairment and 
dementia.

Becker et al. (51) conducted a cluster RCT 
among 981 long-stay residents of six nursing 
homes and found a lower incidence density ratio 
of falls in the intervention group compared with 
the control group over a 12-month period (RR 
0.55, 95% CI 0.41–0.73). A total of 52% of the 
control group were fallers compared with 37% 
of the intervention group (RR 0.75, 95% CI 
0.57–0.98). The intervention involved staff train-
ing and feedback, information provision and 
education for residents, environmental adapta-
tions, exercise (balance exercises and progres-
sive resistance training with ankle weights and 
dumbbells), and hip protectors. Interestingly, 
intervention effects were not apparent before 6 
months, and the authors suggested that it may 
have taken this long for improvement in the 
mediating variables (physical performance, staff 
adherence, and environmental adaptations) to 
take effect.

In an earlier cluster RCT of multi-faceted pro-
grams in residential aged care, Ray et al. (52) 
studied 482 residents who had previously fallen. 
Seven pairs of nursing homes were randomized to 
receive either no intervention or a program that 
involved structured individual assessment (of 
environmental safety, wheelchair use, psychotro-
pic drug use, and transfers and ambulation) by 
medical, nursing, and OT professionals. At post-
test there was a mean reduction of 19% in the 
proportion of recurrent fallers in the intervention 
homes. Greater effects were evident for homes 
with a higher compliance with recommendations, 
and for residents with three or more previous 
falls.

However, not all RCTs have found an improve-
ment in the intervention arm. Kerse et al. (53) 
reported an increased fall rate following a trial 
that involved altering existing staff resources and 
implementing individualized fall-risk manage-
ment for residents (IRR 1.34, 95% CI 1.06–1.72). 
This intervention was less intensive than the three 
other RCTs conducted in residential care settings 

and the authors suggested that by diverting staff 
resources, low-intensity interventions may be 
worse than usual care. In the only RCT of a com-
prehensive post-fall assessment by a nurse practi-
tioner with physician referral, Rubenstein et al. 
(54) found that although this approach reduced 
hospitalizations and hospital stays, it did not 
signifi cantly reduce the rate of falls.

Preventing Hip Fractures With 
Hip Protectors

The likelihood that a fall will result in a fracture 
can be reduced by changing the interaction 
between the person and the surface on which they 
fall. This can be undertaken by modifying the 
surface or by placing a barrier between the person 
and the hard surface. Hip protectors are designed 
to fulfi l the latter role.

Hip protectors are designed to absorb energy 
and to transfer load from the bone to the sur-
rounding soft tissues (55). The original hip pro-
tectors (56) incorporated a fi rm outer shell and an 
inner foam section. Other versions are made of 
dense plastic without an outer shell (57). Hip pro-
tectors either fi t into pockets of underwear or are 
built into underwear. The earliest study of hard 
shell hip protectors was a RCT among 701 resi-
dents of a nursing home (56). The risk of fracture 
was signifi cantly decreased in the intervention 
group (RR 0.44). Although eight members of the 
intervention group suffered hip fractures, none 
were wearing the hip protectors at the time of 
fracture. A further study in Sweden (58) tested a 
different model of hip protector and also found a 
decreased fracture rate among residents of a ran-
domly selected nursing home that was offered hip 
protectors compared with a control nursing home 
(RR 0.33).

Unfortunately subsequent research into the 
effi cacy and practicality of hip protector use has 
been less encouraging. The Cochrane review on 
this topic (59) found that pooling of data from fi ve 
individually randomiszd trials conducted in resi-
dential care settings (1426 participants) showed 
no statistically signifi cant reduction in hip frac-
ture incidence (RR 0.83, 95% CI 0.54–1.24), and 
that two individually randomized studies that 
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recruited community-dwelling elderly people 
showed no indication of a reduction in the 
incidence of hip fractures (RR 1.11, 95% CI 
0.65–1.90). Furthermore, a more recent cluster-
randomized trial (60) among residents of 127 
aged care facilities (4117 occupied beds) also 
showed a slight increase in fracture rates in the 
group assigned hip protectors (RR 1.05, 95% CI 
0.77–1.43).

Given the current data, many geriatric special-
ists feel that when worn correctly, hip protectors 
may prevent hip fractures. The majority of frac-
tures in intervention groups of hip protector 
studies occur while the hip protector is not being 
worn or is incorrectly positioned. A recent study 
compared protected and unprotected falls among 
high-risk nursing home residents and found hip 
fractures were reduced by more than one-third in 
protected falls compared with unprotected falls 
(61). Thus, poor compliance appears to markedly 
limit hip protector effectiveness. For example, 
O’Halloran et al. (60) found initial acceptance of 
the hip protectors at only 37%, and adherence fell 
to only 20% at 72 weeks. Other studies have found 
that many potential participants decline involve-
ment (e.g., 79% declined in Birks et al. [62]). Key 
reasons for poor compliance include: discomfort, 
the extra effort needed to wear the device, urinary 
incontinence, and physical diffi culties/illnesses. 
In some settings, cost may also be a barrier to hip 
protector use (63).

Hip protectors do not decrease the risk of other 
fractures such as pelvic fractures (64), but have 
been found to improve falls self-effi cacy (65). 
Despite their limitations, hip protectors can be 
useful clinically as a hip fracture prevention strat-
egy among those at high risk of falls who are 
willing and able to wear them.

Conclusions

There is now good evidence to support the effec-
tiveness of falls prevention programs. By using 
assessments based on evidence-based risk factors 
amenable to correction, it is possible to intervene 
in those most likely to benefi t from targeted inter-
vention strategies. Balance training has been 
shown to be an effective single intervention in the 
prevention of falls. However, a multi-factorial 

approach is needed in higher-risk individuals, 
such as those in hospital or residential care and 
those presenting to the emergency department as 
a result of a fall.

Poor compliance has been highlighted as an 
issue limiting the effectiveness of hip protectors, 
and more evidence is needed on the acceptability 
of interventions shown to be effective but not as 
yet evaluated outside of the research setting. 
There is now preliminary evidence to support falls 
prevention as a means of fracture prevention. 
However, to have a meaningful impact on fracture 
rates, it is imperative that bone health and falls 
prevention are considered together. Comparative 
studies are also required to establish the clinical 
effectiveness and cost effi ciency of the interven-
tions on offer.
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11
Medical Treatment of Age-Related 
Osteoporosis: Present and Future
Steven Boonen

Introduction

The expected rise in 80-year-old and over men and 
women in populations throughout the world will 
increase the incidence of senile osteoporosis in the 
coming decades (1). The consequent rise in frac-
tures may be even greater than currently predicted, 
as there is evidence to suggest that the rate of 
increase is greater than that accounted for by the 
demographic changes alone (2). Additionally, 
unlike younger age groups, where women are pre-
dominantly affected, men aged over 65 years are 
also at signifi cantly increased risk of fracture (3). 
Osteoporotic fractures are associated with reduced 
quality of life and increased morbidity and mortal-
ity, particularly in the 80-year-old and over age 
group (4). Hip fractures, which are considered the 
most debilitating type of fracture with the greatest 
adverse economic impact, occur most frequently 
in this elderly population (5,6). Despite the contri-
bution that fractures, particularly hip fractures, 
make to the public health burden, strategies for 
early diagnosis and appropriate treatment are not 
widely implemented in this age group; action is 
necessary to reverse the spiraling trend of increased 
fractures caused by the aging population.

Bone Turnover as a Major Determinant 
of Bone Strength in Old Age

Bone remodelling, where bone is resorbed by 
osteoclasts and reformed by osteoblasts, occurs 

throughout life (7). Evidence from prospective 
studies, using markers of bone formation and 
bone resorption, indicates that an excessive 
rate of bone remodeling is one of the major 
deter minants of bone loss (8–10) (Figure 11.1). 
For example, in one study in older women, 
higher levels of bone resorption markers were 
associated with a signifi cantly faster rate of 
bone loss at the total hip (9). This bone loss 
continues during aging and may even be 
accelerated in individuals over the age of 80 
(Figure 11.2) (8). Excessive bone remodeling 
leads to changes in micro-architecture with 
accumulation of microdamage and some degree 
of hypomineralization (12,13), resulting in bone 
fragility.

Increased bone turnover is partly caused by 
decreased levels of estrogen and by vitamin D 
defi ciency (or insuffi ciency). Women over 80 
years old typically have very low levels of cir-
culating estradiol (average 6.3 pg/mL), and this 
low exposure to endogenous estrogen has been 
shown to contribute to age-related bone loss; in 
prospective studies, elderly individuals with 
estradiol levels in the lowest quartile were found 
to have a twofold increase in their risk of hip 
and vertebral fracture (14–16). Aging is also 
associated with vitamin D defi ciency/insuffi -
ciency, which can lead to secondary hyperpara-
thyroidism and parathyroid hormone (PTH)-
induced bone loss (17). In addition, insuffi cient 
levels of vitamin D may increase the risk of 
falls—another risk factor for fractures in the 
very elderly (18).
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FIGURE 11.1. Mean age-adjusted percentile loss in total hip BMD 
per year (±95% CI) by quartile of urine markers of bone resorption. 
A test for trend across the quartiles yielded a p value of 0.004 for 

N-telopeptides (NTX), 0.025 for C-telopeptides (CTX), 0.007 for free 
pyridinolines (PYD), and 0.026 for free deoxypyyridinoline (DPD) 
(From Bauer et al. [9]).
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Fracture Incidence and Outcome in 
the Elderly

Hip fracture is the most serious outcome of senile 
osteoporosis. The demand for hospital resources 

by patients with hip fracture is disproportionate 
to that seen with all other fracture types (19), and 
an increased risk of death has been documented 
as well (20,21). The incidence of hip fracture rises 
exponentially in women aged 80 years and over, 
and approximately 60% of patients with hip frac-
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tures are found in this age group (22–24). However, 
this increase in hip fracture with age has consider-
able regional variation (25–28). In one study there 
were greater than fourfold and 13-fold differences 
in age-standardized risk of hip fracture amongst 
men and women, respectively, between different 
centees (25).

Vertebral fractures continue to increase with 
age in both men and women as well (29–31). For 
example, in the Longitudinal Aging Study Amster-
dam (LASA), 52.3% of women (n = 65) and 41.8% 
of men (n = 79) over 80 years had one or more 
vertebral deformities—compared with 21.7 and 
24.2%, respectively, in the younger age group of 
65 to 69 years (32). Although the overall impact of 
vertebral fractures is relatively small in the elderly 
population compared with hip fracture and other 
age-related morbidities (33), they are associated 
with functional limitations and impaired well 
being, and preventative measures should be 
implemented. In men and women, fractures of 
the proximal humerus, forearm, and upper limb 
fractures increase with age as well (34,35). These 
fractures are associated with less morbidity com-
pared with hip fractures, but they are associated 
with reduced quality of life and contribute to 
the substantial cost of fracture in the elderly 
population.

Intervention in Senile Osteoporosis

Calcium and Vitamin D Supplementation

Calcium and vitamin D are crucial for bone health 
throughout life, and defi ciencies are widespread 
in older and institutionalized adults (36). These 
defi ciencies contribute to the increasing preva-
lence of osteoporosis with age (37,38). Calcium 
defi ciency can be caused by a poor intake and/or 
less effi cient absorption from the intestine, either 
passively or by vitamin D-mediated active trans-
port (39). In the Study of Osteoporotic Fractures 
(SOF, n = 5452), calcium absorption decreased 
from 34.3% in persons aged 69 to 74 years to 
28.8% in those aged 85 years or more. As calcium 
absorption decreased, the risk for hip fracture was 
increased, although this correlation was not 
signifi cant for other non-vertebral fractures (40).

Low calcium stimulates the secretion of PTH in 
order to increase the production of 1,25 dihy-
droxyvitamin D (physiologically active form of 
vitamin D). PTH maintains calcium homeostasis 
and normocalcemia, and regulates bone remodel-
ing. The associated increases in bone turnover 
leads to an increase in fracture rate regardless of 
bone mineral density (BMD) (41–44). Vitamin D 
has a central role in calcium homeostasis and 
maintenance of bone. In the SOF study, the 
increased relative risk (RR) for hip fracture in 
individuals with serum vitamin D levels less than 
or equal to 57 nmol/L was 2.1 (adjusted for age 
and weight), when compared with higher levels of 
vitamin D (15). Dietary defi ciency of vitamin D is 
common, and the biosynthesis of 1,25 dihy-
droxyvitamin D decreases owing to insuffi cient 
sunlight exposure and decreased functional ca -
pacity of the skin in housebound and geriatric 
patients (22).

Vitamin D has also been associated with mus-
cular strength and propensity to fall (45). Increases 
were observed in the size and number of muscle 
fi bers in elderly women with a 3-month supple-
mentation of 1-α hydroxyvitamin D [46]. A recent 
study showed that 25-hydroxyvitamin D levels 
correlate with physical activity, balance, gait 
speed, and thigh muscle strength (47). There is, 
therefore, considerable evidence to suggest that 
an adequate dietary intake of calcium and vitamin 
D in the very elderly will attenuate secondary 
hyperparathyroidism, help to maintain bone 
mass and strength, improve muscle strength, and 
reduce fracture risk.

In a number of studies, PTH levels were reduced 
by approximately 30% in individuals receiving 
vitamin D or its active metabolites when com-
pared with controls (48–52) and this was as -
sociated with reduced bone turnover (53) and 
increased BMD (54). In another study in nursing 
home residents (n = 142), supplementation 
resulted in a 15% decrease in PTH with a con-
comitant reduction in bone resorption (55). It 
appears that combined calcium and vitamin D 
supplementation results in greater reductions in 
the levels of serum PTH than with either agent 
alone, and this is particularly evident in patients 
with severe vitamin D defi ciency or low calcium 
intake at baseline (48).
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Elderly women exhibited signifi cant improve-
ments in musculoskeletal function, and the risk of 
falling decreased by 49% after 3 months of treat-
ment with calcium and vitamin D (56). In another 
study, calcium (600 mg/day) and vitamin D 
(10,000 IU/week) supplementation reduced the 
risk of falling by 27% after 2 years in elderly people 
with low baseline serum 25-hydroxyvitamin D 
levels of 25–90 nmol/L (57). In contrast, other 
studies have failed to show a signifi cant reduction 
in falls with calcium and vitamin D supplementa-
tion (58). In a meta-analysis of double-blind 
randomized controlled trials of vitamin D supple-
mentation in subjects with stable health states, the 
risk of falling was reduced by 22% compared with 
calcium alone or placebo (59). In elderly women 
with a recent hip fracture (n = 150; mean age: 81 
years), a reduction in falls and fractures was 
recently observed with calcium and vitamin D as 
well (60).

Femoral neck, lumbar spine, and/or neck BMD 
increased by 4–6% in individuals receiving com-
bination supplementation, and this was accompa-
nied by decreases in bone resorption markers 
(61–63). In a subgroup of women in the 2-year 
Decalyos II study, femoral neck BMD remained 

relatively unchanged (mean = 0.29 ± 8.63% per 
year) during treatment with calcium and vitamin 
D, whereas it decreased in the placebo group 
(mean = −2.36 ± 4.92% per year) (64).

The impact of calcium and vitamin D on frac-
ture risk has been studied in community-based 
and institutionalized populations (Table 11.1). 
Two randomized placebo-controlled studies of 
individuals in institutions, and two of elderly 
male and female community residents without 
documented osteoporosis, have demonstrated a 
positive impact of calcium and vitamin D supple-
mentation on fracture risk. In the Decalyos I ran-
domized placebo-controlled study in ambulatory 
institutionalized women (n = 3270; mean age 84 
years) with severe calcium and vitamin D defi -
ciencies, the RR of hip fracture and all non-
vertebral fractures fell by 43 and 32%, respectively, 
after 18 months of calcium (1200 mg/day) and 
vitamin D3 (800 IU/day) supplementation. After 
36 months, hip and non-vertebral fracture risk 
were reduced by 29 and 24%, respectively (62,65) 
(Figure 11.3). A similar reduction in the risk of hip 
fracture was observed in Decalyos II (n = 639; 
mean age 85.2 years), where 79% of individuals 
had a calcium intake of less than 800 mg/day and 

TABLE 11.1. Overview of Randomized Controlled Clinical Trials of Long-Term Calcium and Vitamin D in the Prevention of Fractures 
(68)

Dosing
Incidence of fractures (treatment vs 

control) [p value]

Source Study population Trial design
Calcium 
(mg/day)

Vitamin D 
(IU/day)

Duration 
(months)

Any
non-vertebral Hip

Studies in institutionalized patients
(62) 3,270 F, mean age 84 years vs placebo 1,200 800 18 66 vs 97 [0.015] 21 vs 37 (0.043)
(64) 639 F, mean age 85.2 years vs placebo 1,200 800 24 17.8 vs 17.9% [NS] 6.9 vs 11.1% 

(0.07)
Studies in community-dwelling patients
(58) 3,314 F, mean age 77 yearsa vs no treatment 1,000 800 median 25 4.4 vs 4.6% 0.6 vs 0.9%
(68) 2,638, 85% F, aged ≥70 

yearsb

vs placebo 1,000 800 24–62 12.6 vs 12.7% 3.5 vs 3.1%

(67) 5,073 M and F, mean age 74 
years

vs placeboc 1,000 400 42 6.4 vs 7.9% Not reported

(50) 389 M and F, mean age 71 
years

vs placebo 500 700 36 5.6 vs 12.9% 0 vs 1

(73) 36,282 F, mean age 62.4 
years

vs placebo 100 400 median 84 Not reported 1.0 vs 1.1%

a Patients had a least one self-reported risk factor for osteoporosis. Patients in both groups received a leflet providing information on calcium intake and 
fall prevention.
b Patients had � prior low-trauma fractures. Results cited are new low-trauma fractures.
c Control patients were offered an environmental and health program aimed at preventing fractures.
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Hip fracture

Favours vitamin D Favours control
Source

Vitamin D (700–800IU/day)

Vitamin D (400IU/day)

Chapuy et al. 2002

Chapuy et al. 1994

Trivedi et al. 2003

Pooled

0.2 0.5 1.0 5.0

0.2 0.5 1.0 5.0

Meyer et al. 2002

Lips et al. 1996

Pooled

Relative risk (95% Cl)

a serum 25-hydroxyvitamin D of less than 
50 nmol/L (64).

Studies of supplementation of individuals in 
the community have demonstrated smaller reduc-
tions in fracture risk, but the baseline defi ciencies 
of calcium and vitamin D were less severe. A sig-
nifi cant reduction in non-vertebral fractures was 
seen in individuals receiving calcium and vitamin 
D compared with placebo, but this was largely 
caused by a reduction in ankle and radius frac-
tures (66). In a non-randomized trial of elderly 
community residents (n = 9605) on supplementa-
tion, fracture risk was reduced by 16% compared 
with controls (67). In contrast to these studies, 
three other trials demonstrated no reduction in 
fracture risk. In the RECORD trial of elderly men 
and women with a previous low-trauma fracture 
(n = 5292), there was no difference in the occur-
rence of new fractures between those receiving 
either supplementation or placebo (68). Similar 
negative results were obtained for a trial of oral 
vitamin D3 and calcium for prevention of a sec-
ondary fracture in women with at least one risk 

factor for hip fracture (58), and in the Women’s 
Health Initiative (WHI) trial (59). However, these 
studies, in particular WHI, involved younger indi-
viduals often with less severe, if any, defi ciencies 
of calcium and vitamin D, living in the commu-
nity and generally free of disability. The confl ict-
ing results are likely to be caused, at least in part, 
by a lack of targeting to those who do have insuf-
fi ciencies. The available evidence suggests that 
supplements should be directed to those indivi-
duals with known, or at most risk of, insuffi -
ciencies; unrestricted supplementation in the 
community may be unnecessary (69,70). It has 
been suggested that supplementation with vitamin 
D in older, as well as younger, adults should be 
implemented when serum 25-hydroxyvitamin D 
is less than 50 nmol/L (71), as it causes much 
greater decreases in PTH levels and physical func-
tion than when serum 25-hydroxyvitamin D is 
above this level (55).

In addition to targeting of the supplementa-
tion, using the appropriate dose may be critical 
as well. Currently, the US recommended daily 
allowance is 1200 mg/day for calcium and 400 IU/
day for vitamin D for those over 50 years of age 
(72). European guidelines for this age group are 
calcium at 800 mg/day and 400 IU/day of vitamin 
D for those over 65 years age (73). However, meta-
analyses of vitamin D supplementation have 
indicated that a dose of 800 IU/day is required to 
produce optimum benefi t in terms of a reduction 
in fracture risk and falling (74). The authors of 
the WHI report acknowledged that a dosage of 
vitamin D of 400 IU/day used in their study may 
have been insuffi cient to produce a response 
(75). Similarly, in another study, supplementa-
tion with 400 IU/day of vitamin D alone had no 
evident benefi t (76) (Figure 11.3). In addition to 
the dose of vitamin D, it is essential to combine 
vitamin D with calcium, particularly in elderly 
individuals. A Cochrane review concluded that 
elderly people would benefi t most from a combi-
nation of cal cium and vitamin D supplementa-
tion (77). More recently, an indirect comparison 
of randomized controlled trials of vitamin D 
versus placebo and vitamin D plus calcium versus 
placebo indicated that adequate calcium addi-
tions are necessary for optimum clinical effi -
ciency with vitamin D supplementation (77a). 
No safety concerns have been raised with this 

FIGURE 11.3. Forest plots showing differences in hip and non-
vertebral fracture risk between in vitamin D supplemented patients 
at different doses (700–800 IU/day, [64,65,140] and 400 IU/day 
[75,141]) and the control groups (From Bischoff-Ferrari et al. 
[72]).
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type of supplementation at the levels normally 
administered (calcium: 1–1.2 g/day; vitamin D3: 
800 U/day).

Finally, compliance with calcium and vitamin 
D supplementation is also essential, as the effects 
will not persist after calcium and vitamin D sup-
plements have been discontinued (63,78). In 
recent community-based fracture studies, com-
pliance was reported to be only 40–60% (58,68,73), 
but individuals who live in institutions achieve 
higher rates of compliance and more positive 
benefi ts (62,64,65).

Pharmaceutical Intervention

Although calcium and vitamin D are essential to 
prevent bone loss and fractures in older individu-
als, elderly patients with documented osteoporo-
sis need calcium, vitamin D, and pharmacologic 
intervention (anti-resorptives, teriparatide, or 
strontium ranelate) (69). These interventions will 
provide benefi t to elderly patients on top of the 
benefi t already provided by calcium and vitamin 
D. There is now considerable evidence that even 
in very elderly patients, pharmaceutical interven-
tion to prevent bone loss remains effective and 
reduces the risk of fracture and associated mor-
bidity, mortality, and economic consequences. 
The available therapies for the treatment of osteo-
porosis such as bisphoshonates, calcitonin, ral-
oxifene, teriparatide, and strontium ranelate have 
different characteristics and may have treatment 
outcomes in the elderly. Many elderly patients 
with established osteoporosis have multiple co-
morbid conditions such as gastrointestinal disease 
(79) and renal insuffi ciency (80). Therefore, it is 
important that administered drugs are not only 
effective in this population but also safe.

Bisphosphonates

The use of bisphosphonates in preventing bone 
loss and fractures is well established. However, 
there is limited data on the effects of these agents 
in individuals of advanced age with osteoporosis. 
In women over 80 years of age with documented 
osteoporosis (a femoral neck T score of less than 
−2.5 or at least one prevalent vertebral fracture), 
the effi cacy of risedronate in reducing fracture 
risk was demonstrated using a post-hoc pooling 

of data from three randomized double-blind 
controlled 3-year fracture endpoint trials (Hip 
Intervention Programme [HIP], Vertebral Effi -
cacy with Risedronate Therapy—Multinational 
[VERT-MN], and VERT North America [VERT-
NA]) (81–83). In individuals treated with risedro-
nate (n = 704; 2.5 or 5 mg/day) the risk of new 
vertebral fractures was 81% lower than for those 
treated with placebo (n = 688, p < 0.001) after 1 
year. As with younger patients, the magnitude of 
the risk reduction associated with risedronate was 
larger in the fi rst year of treatment of patients 80 
years and over, but the effi cacy was still apparent 
after 3 years of treatment (44% lower than placebo, 
p = 0.003) (79) (Figure 11.4, Table 11.2). In this 
analysis of patients 80 years and over, risedronate 
was well tolerated and had a safety profi le similar 
to that of placebo (79).

In the VERT and HIP trials, a statistically 
signifi cant reduction in non-vertebral fractures 
with risedronate treatment had been demon-
strated in patients over a wide range of ages (81–
84). However, in patients aged 80 years or more, 
a treatment effect on non-vertebral fractures was 
not seen (79) (Figure 11.4, Table 11.2). Currently, 
there is little evidence to support the effi cacy of 
bisphosphonates in reducing the risk of non-
vertebral fractures in women 80 years of age or 
older, as these women have not been recruited in 
most studies. In the HIP trial of risedronate, 
women aged 70–79 years with osteoporosis and 
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women aged 80 years and over with at least one 
non-skeletal risk factor for hip fracture or a low 
BMD were assessed. No non-vertebral fracture 
risk reduction was observed in women over 80. 
But a proportion of these women may not have 
been osteoporotic, as most of them had not been 
selected on the basis of low BMD (83). However, 
even in the pooled data analysis from the HIP, 
VERT-MN, and VERT-NA trials in patients over 
80 with documented osteoporosis, non-vertebral 
fracture risk reduction was not observed. Because 
these women had a severe degree of osteoporosis 
(as expected for their age), the lack of treatment 
effect on non-vertebral fracture risk cannot be 
attributed to a lesser extent of skeletal fragility in 
these very elderly patients. The apparent lack of 
treatment effi cacy in these patients cannot be 
ascribed to a more pronounced effect of calcium 
and vitamin D supplementation in patients over 
80 either, because, in placebo-treated elderly 
patients, changes in bone turnover markers were 
similar to those observed in patients aged less 
than 80 years (79).

The impact of age on the anti-fracture effi cacy 
of alendronate was recently analyzed using data 
from a subset of individuals who had been enrolled 
in the Fracture Intervention Trials (FIT) and had 
documented osteoporosis. There was no evidence 
for an effect of age on the signifi cant reductions 
in the RR for clinical fractures in those on alen-

dronate (5 mg/day for 2 years followed by 10 mg/
day for 1 to 2.5 years) compared with placebo. In 
fact, the absolute risk reductions for both verte-
bral and hip fractures in women aged 75 to 85 
years with low BMD actually increased with age, 
supporting an increase in the cost-effectiveness 
of bisphosphonate treatment in older patients. 
However, a limitation of these analyses was the 
maximum age of women at entry to the FIT study 
(80 years); despite aging during the trial, women 
over 80 years accounted for less than 8% of the 
patient-years on which the analysis was based 
(85). With alendronate treatment, long-term 
safety data have been reported (86), but the safety 
profi le in patients 80 years old has hardly been 
addressed.

Overall, it would seem that bisphosphonate 
treatment effi cacy and safety is not affected by 
age. However, no compelling evidence currently 
exists to support the effi cacy of bisphosphonates 
in reducing the risk of non-vertebral fractures in 
women aged 80 years or more.

Estrogen Replacement Therapy (ERT)

The positive effects of ERT on bone mass at 
different sites, including hip, in early post-
menopausal women are undisputed (87,88). 
Approximately 10–15% of skeletal mass is estro-
gen-dependent, implying that this amount of 

TABLE 11.2. Overview of Randomized Placebo-Controlled Clinical Trials of Pharmaceutical Anti-Osteoporotic Agents in the Prevention 
of Fractures in Elderly Patients

Incidence of fractures (treatment 
vs control)

Source Study population Agenta Dose/day Duration (months) Vertebral Non-vertebral

(79) 1392 F, age �80 years 
(mean 83 years)b

risedronate oral 2.5 or 5 mg 12 2.5 vs 10.9%, 
[p < 0.001]

—

(79) 1392 F, age �80 years 
(mean 83 years)b

risedronate oral 2.5 or 5 mg 36 18.2 vs 24.6%, 
[p = 0.003]

14.0 vs 16.2% [NS]

(102) 244 F, age �75 years 
(mean 78 years)c

teriparatide sc 20 µg median 19 5.2 vs 15.1%, 
[p < 0.050]

3.2 vs 4.2% [NS]

(109) 1488 F, age �80 years 
(mean 83 years)d

strontium ranelate oral 2 g 12 3.5 vs 8.3%, 
[p = 0.002]

4.0 vs 6.8% 
[p = 0.027]

(109) 1488 F, age �80 years 
(mean 83 years)d

strontium ranelate oral 2 g 36 19.1 vs 26.5% 
[p = 0.013]

19.7 vs 14.2% 
[p = 0.011]

a All patients received calcium and vitamin D supplementation.
b 84% of patients had one or more prevalent vertebral fracture.
c All patients had at least one moderate or two mild atraumatic vertebral fractures.
d All patients had osteoporosis with at least one prevalent vertebral fracture or a femoral neck BMD �0.600 g/cm2 (Hologic).
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bone is rapidly lost in peri-/post-menopausal 
women or later in life when ERT is discontinued 
(87,89). In various cross-sectional analyses of 
older women, neither bone density (90) nor the 
reduction in hip fracture incidence was preserved 
in those who had discontinued ERT (91–93). In a 
prospective cohort study (n = 9704, 65 years or 
over), the RR for hip fracture was lower among 
current estrogen users (RR 0.6, 95% confi dence 
interval [CI] 0.36, 1.02) than among those who 
had never used estrogen. However, previous 
use of estrogen, regardless of duration, did not 
signifi cantly impact the risk for fractures (94). 
In one case-control study of 1327 women aged 
50–81 years with hip fracture, the risk of further 
hip fracture was decreased in both current and 
former users of hormone replacement therapy 
(HRT) (95).

To prevent initial hip fractures in old age, ERT 
may have to be initiated peri-menopausally and 
maintained throughout life. In a meta-analysis 
of ERT in elderly women, the protection against 
hip fracture waned with age (96), and at present 
it is not clear whether the benefi ts of ERT would 
outweigh the risks of thromboembolism, endo-
metrial and breast cancer, and cardiovascular 
complications associated with long-term use of 
HRT. Thus, estrogen is unlikely to be useful as an 
anti-osteoporotic strategy to prevent fractures in 
the very elderly population.

Selective Estrogen Receptor Modulators (SERMs)

Currently, no specifi c trials with SERMs have been 
reported in patients aged 80 years or more. The 
large 3-year Multiple Outcomes of Raloxifene 
Evaluation (MORE) trial investigated the effect 
on raloxifene on post-menopausal women aged 
31–80 years. Raloxifene increased BMD in the 
femoral neck and in the spine, and the risk of 
vertebral fracture was reduced. The risk of non-
vertebral fracture was only reduced by raloxifene 
in a subgroup of women with severe vertebral 
fractures at baseline. Its use in a population aged 
80 years or more with or without a history of frac-
ture has yet to be established (97,98).

Teriparatide

Teriparatide is an anabolic agent that stimulates 
bone turnover, with a positive bone balance result-

ing in increased bone mass and improvements in 
bone architecture (99–101). The effectiveness of 
teriparatide has been demonstrated for vertebral 
and non-vertebral fracture in post-menopausal 
women, but it has not been extensively studied in 
individuals 80 years and over.

Data from the randomized multi-center double-
blind placebo-controlled Fracture Prevention 
Trial (FPT) compared the relative treatment effect 
of teriparatide in women younger than 75 years 
(n = 841) and those older than 75 years (n = 244) 
on markers of bone turnover, BMD, risk of frac-
tures, adverse events, and the incidence of hyper-
calcemia. Increases in bone-specifi c alkaline 
phosphatase (BSAP) were similar in both age 
groups within 1 month, supporting early bone 
formation with teriparatide regardless of age; 
these increases in BSAP were apparent up to 1 
year. The increase in femoral neck BMD (<75 
years: 9.1%; �75 years: 9.2%) compared with 
placebo was also similar in both age groups. In 
addition, there were no signifi cant treatment-by-
age interactions for bone turnover markers, height 
loss, hypercalcemia, or hyperuricemia.

In a more recent analysis (102), the relative 
effect of teriparatide in reducing the incidence of 
vertebral and non-vertebral fragility fractures 
was statistically indistinguishable in women aged 
75 years and over and those aged less than 75 
years. However, a signifi cant reduction in non-
vertebral fractures compared with placebo could 
not be documented in the group of women over 
75 years of age (Table 11.2), because only a small 
number of women in this age group had a non-
vertebral fracture and the analysis was not 
suffi ciently powered to assess non-vertebral 
fracture risk reductions in this age group. There 
were no increases in the frequency of treatment-
emergent adverse events in this older age group 
(102).

Overall, the data from these analyses show 
that the safety and effi cacy of teriparatide in 
post-menopausal women with osteoporosis is 
not affected by age. Because of its ability to 
stimulate cancellous and cortical bone formation 
and to partly restore the micro-architecture of 
the bone, teriparatide is a new advance in the 
treatment of age-associated osteoporosis, particu-
larly in those with severe osteoporosis and exist-
ing fractures.
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Strontium Ranelate

Currently, most agents available for the treatment 
of osteoporosis either inhibit bone resorption, 
which is accompanied by a subsequent reduction 
in bone formation (103), or enhance bone forma-
tion (104). Evidence suggests that strontium 
ranelate dissociates these two processes, such that 
bone formation continues to be active during 
inhibition of bone resorption (105).

In two international phase III randomized 
placebo-controlled double-blind studies (the 
Spinal Osteoporosis Therapeutic Intervention 
[SOTI] and Treatment Of Peripheral Osteoporosis 
[TROPOS]), substantial reductions were reported 
in both vertebral and non-vertebral fractures, 
including hip fractures, over 1, 3, and 5 years in 

post-menopausal women aged 50 to 100 years 
following administration of strontium ranelate 
(106–108).

A pre-planned analysis of the intent to treat 
80- to 100-year-old population (n = 1488) of 
these studies showed that the relative risk re -
duction for vertebral fracture was 59% (RR 0.41; 
95% CI 0.22; 0.75, p = 0.002) after 1 year and 32% 
(RR 0.68; 95% CI 0.50; 0.92, p = 0.013) after 3 
years, compared with placebo. For non-vertebral 
fractures, including hip fractures, there were 
substantial reductions of 41% (RR 0.59; 95% CI 
0.37; 0.95, p = 0.027) after 1 year and 31% (RR 
0.69; 95% CI 0.52; 0.92, p = 0.011) after 3 years 
(Figure 11.5, Table 11.2). The major non-vertebral 
fractures of hip, wrist, pelvis and sacrum, ribs-
sternum, clavicle, or humerus combined led to a 
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FIGURE 11.5. Reduction of vertebral (A) and non-vertebral (B) fracture risk over 1 and 3 years with strontium ranelate in patients aged 
80 years or more. (From Seeman et al. [109]).
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RR compared with placebo of 37% (p = 0.003) 
after 3 years (109).

It was recently demonstrated that, over 5 years, 
strontium ranelate continues to be effective and 
signifi cantly reduces the risk of vertebral fracture 
and non-vertebral fracture in elderly patients, 
with a safety profi le similar to that in younger 
patients (110). To date, strontium ranelate is the 
only anti-osteoporotic treatment to demonstrate 
an early and long-term sustained reduction in 
vertebral and non-vertebral fractures, in patients 
over 80.

Current and Future Management of 
Senile Osteoporosis

Although a number of guidelines for diagnosis 
and treatment of elderly patients at risk for osteo-
porosis and fracture have been presented (22,111–
113), osteoporosis continues to be under-diagnosed 
and under-treated. In general, there is a lack of 
awareness of the incidence of osteoporosis and 
its potentially devastating outcomes in the very 
elderly population.

Treatment of osteoporosis in older patients 
depends on ensuring bone strength and reducing 
falls. The incidence of fracture in individuals 
with osteoporosis is compounded by the increase 
in falls in both elderly men and women, and 
evidence-based guidelines to help prevent falls 
exist (114,115). However, implementation of 
relatively simple fall-prevention measures and 
BMD screening for high-risk individuals is not 
widespread.

In recent years there have been considerable 
advances in establishing effective pharmaceutical 
agents and non-pharmaceutical intervention 
methods for reducing fracture risk in osteoporo-
sis, but treatment is still rare even in patients with 
a previous fracture. Reported treatment rates for 
osteoporosis in elderly persons vary from 5–69% 
(116), and this decreases with age (117). It is clear 
that routine screening and preventative measures 
have not been incorporated into primary care 
practice (118), and even many orthopedic sur-
geons do not see the need to investigate or treat 
osteoporosis in elderly patients, even after a hip 
fracture has occurred (119). In one study, con-

ducted in women and men aged 80–89 years, only 
2.4 and 1.4%, respectively, had BMD scans follow-
ing hip or vertebral fracture. And only 37.2 and 
1.2%, respectively, were treated following any fi rst 
fracture, despite the increased risk of further 
fracture (Figure 11.6) (120). In one study, patients 
who were managed as specifi ed by guidelines fol-
lowing a fracture were younger (mean of 68.6 
years compared with 73.5 years) and less likely to 
have additional risk factors of low weight, or hip 
or wrist fracture (117). Similarly, elderly stroke 
patients have an increased risk of hip fracture, but 
measures to prevent bone loss are rarely imple-
mented for these patients (121).

Surprisingly, even supplementation with 
calcium and vitamin D is relatively rare in elderly 
patients following a fracture. In a recent report, 
only 6% of 170 patients (mean age: 80 years) were 
treated with calcium, 3% with vitamin D, and 0% 
with alendronate at admission with hip fracture; 
the corresponding fi gures were 7, 4, and 2% at 
discharge (122). Indeed, elderly patients dis-
charged with pneumonia were just as likely to 
receive calcium, vitamin D, and/or anti-resorptive 
therapy as those with hip fracture (123). It is 
evident that prevention and treatment policies 
vary between institutions, regions, and countries, 
but implementation of such policies appears to be 
universally low.
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There is an urgent need to increase awareness 
of osteoporosis in old age, both among patients 
and physicians. Educational efforts should con-
vince physicians that treating senile osteoporosis 
and reducing fracture risk in the elderly and the 
associated benefi ts are achievable with current 
treatment options. As discussed in this chapter, 
the effi cacy of agents like teriparatide, risedro-
nate, and strontium ranelate in reducing fracture 
risk in elderly patients with documented osteopo-
rosis has been well established in clinical trials. 
However, many elderly patients do not receive 
treatment, as it is perceived that it is too late to 
alter the course of the disease. Patient selection 
for intervention has been based almost entirely on 
bone-related risk factors for treatment, including 
a prevalent fracture, but routine BMD measure-
ments with dual-energy X-ray absorptiometry 
(DXA) at the hip and spine in very elderly indi-
viduals are often not encouraged (122). Moreover, 
low BMD—although a major risk factor for frac-
tures in elderly persons—is generally not suffi -
cient on its own to predict fractures (124–126). In 
a recent study only between 10–40% of fractures 
met the criteria for DXA-defi ned osteoporosis 
(BMD of 2.5 standard deviations below normal for 
young adults) (127), and this large overlap in 
BMD between individuals with and without frac-
ture is particularly marked in old age (128). In 
addition to non-density related aspects of bone 
strength, falling is a major risk factor for frac-
tures, especially appendicular fractures (112,124–
126). For predicting hip fracture, risk factors for 
falls and low BMD act as independent and addi-
tive risk factors (129). The question is whether 
the reduction in fracture risk in the very 
elderly could potentially be optimized by com-
bining bone-directed strategies with fall-directed 
strategies.

Finally, secondary prevention of hip fractures 
should become an integral part of the manage-
ment of individuals who sustain hip fractures. 
One option is the prescription of medications that 
lower the risk of hip fracture. Such therapies that 
are currently available include calcium and 
vitamin D supplementation, alendronate, risedro-
nate, and strontium ranelate. However, the rate of 
use of these therapies among patients with hip 
fractures is low. Despite the fact that proven, effi -
cacious drugs are now available for the treatment 

of osteoporosis, osteoporosis continues to be 
under-diagnosed and under-treated in the elderly, 
even after hip fracture. One of the many reasons 
why clinicians do not consistently initiate treat-
ment for osteoporosis even after a hip fracture 
might be the fact that all of these drugs have been 
tested for primary prevention of hip fractures. 
There is an urgent need for studies to evaluate 
either pharmacologic or non-pharmacologic 
measures aimed at secondary prevention of hip 
fractures.

Summary

Osteoporotic fractures are an extremely common 
health problem in the elderly, with the incidence 
projected to rise as longevity increases, unless 
preventive policies are initiated. Recent evidence 
indicates that treating osteoporosis in this popu-
lation and the associated benefi ts are achievable 
with current treatment options. In elderly patients, 
bone loss can be inhibited and fracture risk 
reduced by calcium and vitamin D supplementa-
tion, and pharmaceutical intervention with 
agents such as bisphosphonates, teriparatide, and 
strontium ranelate. Nevertheless, osteoporosis in 
old age continues to be under-diagnosed and 
under-treated.

References

 1. Ettinger MP. Aging bone and osteoporosis: strate-
gies for preventing fractures in the elderly. Arch 
Intern Med 2000;163:2237–2246.

 2. Palvanen M, Kannus S, Niemi S, et al. Secular 
trends in the osteoporotic fractures of the distal 
humerus in elderly women. Eur J Epidemiol 1998;
14:159–164.

 3. Colón-Emeric CS, Pieper CF, Artz MB. Can his-
torical and functional risk factors be used to 
predict fractures in community-dwelling older 
adults? Development and validation of a clinical 
tool. Osteoporos Int 2002;13:955–961.

 4. Melton LJ, Kan SH, Frye MA, et al. Epidemiology 
of vertebral fractures in women. Am J Epidemiol 
1989;129:1000–1011.

 5. Autier P, Haentjens P, Bentin J, et al. for the 
Belgium Hip Fracture Study Group. Costs induced 
by hip fractures: a prospective controlled study in 
Belgium. Osteoporos Int 2000;11:373–380.



148 S. Boonen

 6. Cooper C, Campion G, Melton LJ. Hip fracture in 
the elderly: a worldwide projection. Osteoporos 
Int 1992;2:285–289.

 7. van der Meulen MC, Beaupe GS, Carter DR. Mech-
anobiologic infl uences in long bone cross-
sectional growth. Bone 1993;14:635–642.

 8. Meunier PJ, Delmas PD, Eastell R, et al. Interna-
tional Committee for Osteoporosis Clinical Guide-
lines. Diagnosis and management of osteoporosis 
in postmenopausal women: clinical guidelines. 
Clin Ther 1999;21:1025–1044.

 9. Bauer DC, Sklarin PM, Stone KL, et al. Biochemi-
cal markers of bone turnover and prediction of 
hip bone loss in older women: the study of osteo-
porotic fractures. J Bone Miner Res 1999;14:
1404–1410.

 10. Cummings SR, Black DM, Nevitt MC, et al. Bone 
density at various sites for prediction of hip 
fractures: the Study of Osteoporotic Fractures 
Research Group. Lancet 1993;341:72–75.

 11. Heaney RP. Is the paradigm shifting? Bone 
2003;33:457–465.

 12. Garnero P, Hausherr E, Chapuy MC, et al. Markers 
of bone resorption predict hip fracture in elderly 
women: the EPIDOS Prospective Study. J Bone 
Miner Res 1996;11:1531–1538.

 13. Mori S, Harruff R Ambrosius W, Burr DB. Tra-
becular bone volume and microdamage accumu-
lation in the femoral heads of women with and 
without femoral neck fractures. Bone 1997;21:
521–526.

 14. Ettinger B, Pressman A, Sklarin P, et al. Associa-
tions between low levels of serum estradiol, bone 
density, and fractures among elderly women: the 
Study of Osteoporotic Fractures. J Clin Endocrinol 
Metab 1998;83:2239–2243.

 15. Cummings SR, Browner WS, Bauer D, et al. 
Endogenous hormones and the risk of hip and 
vertebral fractures among older women. Study of 
Osteoporotic Fractures Research Group. N Engl J 
Med 1998;339:733–738.

 16. Stone K, Bauer DC, Black DM, et al. Hormonal 
predictors of bone loss in elderly women: a 
prospective study. J Bone Miner Res 1998;13:
1167–1174.

 17. Seeman E. Osteoporosis II: pathogenesis of bone 
fragility in women and men. Lancet 2002;359:
1841–1850.

 18. Lips P. Vitamin D defi ciency and secondary hyper-
parathyroidism in the elderly: consequences for 
bone loss and fractures and therapeutic implica-
tions. Endocr Rev 2001;22:477–501.

 19. Garraway WM, Stauffer RN, Kurland LT, et al. 
Limb fractures in a defi ned population II: ortho-

pedic treatment and utilization of health care. 
Mayo Clin Proc 1979;54:708–713.

 20. Barrett JA, Baron JA, Beach ML. Mortality and 
pulmonary embolism after fracture in the elderly. 
Osteoporos Int 2003;14:889–894.

 21. Kanis JA, Oden A, Johnell O, et al. The compo-
nents of excess mortality after hip fracture. Bone 
2003;32:468–473.

 22. Eastell R, Reid DM, Compston J, et al. Secondary 
prevention of osteoporosis: when should a non-
vertebral fracture be a trigger for action. Q J Med 
2001;94:575–597.

 23. Boockvar KS, Halm EA, Litke A, et al. Hospital 
readmissions after hospital discharge for hip frac-
ture: surgical and nonsurgical causes and effects 
on outcome. J Am Geriatr Soc 2003;51:300–403.

 24. Donaldson LJ, Cook A, Thompson RG. Incidence 
of fractures in a geographically defi ned popula-
tion. J Epidemiol Community Health 1990;44:
241–245.

 25. Elffors I, Allander E, Kanis JA, et al. The variable 
incidence of hip fracture in Southern Europe: The 
MEDOS study. Osteoporos Int 1994;4:253–263.

 26. Kanis JA, Johnell O, Oden A, et al. Risk of hip 
fracture according to the World Health Organiza-
tion Criteria for Osteopenia and Osteoporosis. 
Bone 2000;27:585–590.

 27. Johnell O, Gullberg B, Allander E, et al. The appar-
ent incidence of hip fracture in Europe: a study of 
National Register sources. Osteoporos Int 1992;2:
248–254.

 28. Walker-Bone K, Dennison E, Cooper C. Epidemi-
ology of osteoporosis. Rheum Dis Clin North 
Amer 2001;27:1–18.

 29. European Prospective Osteoporosis Study (EPOS) 
Group. Incidence of vertebral fracture in Europe: 
results from the European Prospective Osteopo-
rosis Study (EPOS). J Bone Miner Res 2002;29:
517–522.

 30. Kenny A, Taxel P. Osteoporosis in older men. Clin 
Cornerstone 2000;2:45–51.

 31. Scane SC, Sutcliffe AM, Francis RM. The sequelae 
of vertebral crush fractures in men. Osteoporos 
Int 1994;4:89–92.

 32. Pluijm SMF, Tromp AM, Smit JH, et al. Conse-
quences of vertebral deformities in older men and 
women. J Bone Miner Res 2000;15:1564–1572.

 33. Kanis JA, Oden A, Johnell O, et al. Excess mortal-
ity after hospitalisation for vertebral fracture. 
Osteoporos Int 2004;15:108–112.

 34. Kelsey JL, Browner WS, Seeley DG, et al. Risk 
factors for fractures of the distal forearm and 
proximal humerus. Am J Epidemiol 1992;135:
477–489.



11. Medical Treatment of Age-Related Osteoporosis 149

 35. Ismail AA, Pye SR, Cockerill WC, et al. Incidence 
of limb fracture across Europe: results from the 
European Prospective Osteoporosis Study (EPOS). 
Osteoporos Int 2002;13:565–571.

 36. Chapuy MC, Preziosi P, Maamer M, et al. Preva-
lence of vitamin D insuffi ciency in an adult normal 
population. Osteoporos Int 1997;7:439–443.

 37. Heaney RP. Calcium in the prevention and treat-
ment of osteoporosis. J Intern Med 1992;231:
169–180.

 38. Heaney RP. The importance of calcium intake for 
lifelong skeletal health. Calcif Tiss Int 2002;70:
70–73.

 39. Heaney RP, Gallagher JC, Johnston CC, et al. 
Calcium nutrition and bone health in the elderly. 
Am J Clin Nutr 1982;36 (Suppl):986–1013.

 40. Ensrud KE, Duong T, Cauley JA, et al. Low frac-
tional calcium absorption increases the risk for 
hip fracture in women with low calcium intake. 
Ann Intern Med 2000;132:345–353.

 41. Quesada JM, Coopmans W, Ruiz B, et al. Infl uence 
of vitamin D on parathyroid function in the elderly 
J Clin Endocrinol Metab 1992;75:494–501.

 42. Boonen S, Broos P, Verbeke G, et al. Calciotropic 
hormones and markers of bone remodelling in 
age-related (type II) femoral neck osteoporosis: 
alterations consistent with secondary hyperpara-
thyroidism-induced bone resorption. J Gerontol A 
Biol Sci Med Sci 1997;52:M286–M293.

 43. Boonen S, Vanderschueren D, Cheng XG, et al. 
Age-related (type II) femoral neck osteoporosis 
in men: biochemical evidence for both hypovi-
taminosis D- and androgen defi ciency-induced 
bone resorption. J Bone Miner Res 1997;12:
2119–2126.

 44. Garnero P, Sornay-Rendu E, Claustrat B, et al. Bio-
chemical markers of bone turnover, endogenous 
hormones and the risk of fractures in postmeno-
pausal women: the OFELY study. J Bone Miner 
Res 2000;15:1526–1536.

 45. Bischoff HA, Stahelin HB, Urscheler N, et al. 
Muscle strength in the elderly: its relation to 
vitamin D metabolites. Arch Phys Med Rehabil 
1999;80:54–58.

 46. Sorensen OH, Lund B, Saltin B, et al. Myopathy in 
bone loss of ageing: improvement by treatment 
with 1-alpha-hydroxy cholecalciferol and calcium. 
Clin Sci (Lond) 1979;56:157–161.

 47. Gerdhem P, Ringsberg KA, Obrant KJ, et al. Asso-
ciation between 25-hydroxy vitamin D levels, 
physical activity, muscle strength and fractures in 
the prospective population-based OPRA Study 
of Elderly Women. Osteoporos Int 2005;16:
1425–1431.

 48. Lips P, Duong T, Oleksik A, et al. A global study 
of vitamin D status and parathyroid function in 
postmenopausal women with osteoporosis: base-
line data from the multiple outcomes of raloxifene 
evaluation clinical trial. J Clin Endocrinol Metab 
2001;86:1212–1221.

 49. Brazier M, Kamel S, Maamer M, et al. Markers of 
bone remodelling in the elderly subject: effects of 
vitamin D insuffi ciency and its correction. J Bone 
Miner Res 1995;10:1753–1761.

 50. Dawson-Hughes B, Harris SS, Krall EA, et al. Rates 
of bone loss in postmenopausal women randomly 
assigned to one of two dosages of vitamin D. Am 
J Clin Nutr 1995;61:1140–1145.

 51. Malabanan A, Veronikis IE, Holick MF. Redefi n-
ing vitamin D insuffi ciency. Lancet 1998;351:
805–806.

 52. McKane WR, Khosla S, Egan KS, et al. Role of 
calcium intake in modulating age-related increases 
in parathyroid function and bone resorption. 
J Clin Endocrinol Metal 1996;81:1699–1703.

 53. Ooms ME, Roos JC, Bezemer PD, et al. Prevention 
of bone loss by vitamin D supplementation in 
elderly women: a randomized double-blind trial. 
J Clin Endocrinol Metab 1995;80:1052–1058.

 54. Grados F, Brazier M, Kamel S, et al. Prediction of 
bone mass density variation by bone remodelling 
markers in postmenopausal women with vitamin 
D insuffi ciency treated with calcium and vitamin 
D supplementation. J Clin Endocrinol Metab 
2003;88:5175–5179.

 55. Lips P, Wiersinga A, van Ginkel FC, et al. The 
effect of vitamin D supplementation on vitamin D 
status and parathyroid function in elderly sub-
jects. J Clin Endocrinol Metab 1988;67:644–650.

 56. Bischoff HA, Stahelin HB, Dick W, et al. Effects of 
vitamin D and calcium supplementation on falls: 
a randomized controlled trial. J Bone Miner Res 
2003;18:343–351.

 57. Flicker L Macinnis RJ, Stein MS, et al. Should older 
people in residential care receive vitamin D to 
prevent falls? Results of a randomized trial. J Am 
Geriatr Soc 2005;53:1881–1888.

 58. Porthouse J, Cockayne C, King C, et al. Ran-
domised controlled trial of calcium and supple-
mentation with cholecalciferol (vitamin D3) for 
prevention of fractures in primary care. BMJ 
2005;330:1003–1008.

 59. Bischoff-Ferrari HA, Dawson-Hughes B, Willett 
WC, et al. Effect of vitamin D on falls: a meta-
analysis. JAMA 2004;291:1999–2006.

 60. Harwood RH, Sahota O, Gaynor K, et al. A ran-
domised, controlled comparison of different 
calcium and vitamin D supplementation regimens 



150 S. Boonen

in elderly women after hip fracture: the Notting-
ham Neck of Femur (NoNOF) Study. Age Ageing 
2004;33:45–51.

 61. Adams JS, Kantorovich V, Wu C, et al. Resolution 
of vitamin D insuffi ciency in osteopenic patients 
results in rapid recovery of bone mineral density. 
J Clin Endocrinol Metab 1999;84:2729–2730.

 62. Chapuy MC, Arlot ME, Duboeuf, et al. Vitamin D3 
and calcium to prevent hip fractures in elderly 
women. N Engl J Med 1992;327:1637–1642.

 63. Prestwood KM, Pannullo AM, Kenny AM, et al. 
The effect of a short course of calcium and vitamin 
D on bone turnover in older women. Osteoporos 
Int 1996;6:314–319.

 64. Chapuy MC, Pamphile R, Paris E, et al. Combined 
calcium and vitamin D3 supplementation in 
elderly women: confi rmation of reversal of sec-
ondary hyperparathyroidism and hip fracture 
risk: the Decalyos II study. Osteoporos Int 2002;
13:257–264.

 65. Chapuy MC, Arlot ME, Delmas PD, et al. Effect of 
calcium and cholecalciferol treatment for three 
years on hip fractures in elderly women. BMJ 
1994;308:1081–1082.

 66. Dawson-Hughes B, Harris SS, Krall EA, et al. Effect 
of calcium and vitamin D supplementation on 
bone density in men and women 65 years of age 
or older. N Engl J Med 1997;337:670–676.

 67. Larsen ER, Mosekilde L, Foldspang A. Vitamin D 
and calcium supplementation prevents osteo-
porotic fractures in elderly community dwelling 
residents: a pragmatic population-based 3-year 
intervention study. J Bone Miner Res 2004;19:
370–378.

 68. The RECORD Trial Group. Oral vitamin D and 
calcium for secondary prevention of low-trauma 
fractures in elderly people: a randomised placebo-
controlled trial. Lancet 2005;365:1621–1628.

 69. Boonen S, Vanderschueren D, Haentjens P, et al. 
Calcium and vitamin D in the prevention and 
treatment of osteoporosis—a clinical update. J Int 
Med 2006;259:539–552.

 70. Boonen S, Bischoff-Ferrari A, Cooper C, et al. 
Addressing the musculoskeletal components of 
fracture risk with calcium and vitamin D: a review 
of the evidence. Calcif Tissue Int 2006;78:
257–270.

 71. Bischoff-Ferrari HA, Dietrich T, Orav EJ, et al. 
Higher 25-hydroxyvitamin D concentrations are 
associated with better lower-extremity function in 
both actuve and inactive persons aged �60 y. Am 
J Clin Nutr 2004:80;752–758.

 72. Yates AA, Schlicker SA, Suitor CW. Dietary refer-
ence intakes: the new basis for recommendations 

for calcium and related nutrients, B vitamins and 
choline. J Am Diet Assoc 1998;98:699–706.

 73. European Commission. Report on osteoporosis in 
the European community—action for prevention. 
http://www.osteofound.org/publications/pdf/eu_
report_98.pdf, 1998, date accessed: 9/5/2006.

 74. Bischoff-Ferrari HA, Willett WC, Wong JB, et al. 
Fracture prevention with vitamin D supplementa-
tion: a meta-analysis of randomized controlled 
trials JAMA 2005;294:2257–2264.

 75. Jackson RD, LaCroix AZ, Gass M, et al. Calcium 
plus vitamin D supplementation and the risk of 
fractures. N Engl J Med 2006;354:669–683.

 76. Lips P, Graafmans WC, Ooms ME, et al. Vitamin 
D supplementation and fracture incidence in 
elderly persons: a randomized, placebo-controlled 
clinical trial. Ann Intern Med 1996;124:400–406.

 77. Gillespie WJ, Avenell A, Henry DA, et al. Vitamin 
D and vitamin D analogues for preventing 
fractures associated with involutional and post-
menopausal osteoporosis. Cochrane Database 
Syst Rev 2001;(1):CD000227.

  77a.   Boonen S, Lips P, Bouillon R, et al. Need for 
additional calcium to reduce the risk of hip 
fracture with vitamin D supplementation: 
evidence from a comparative meta-analysis of 
randomized controlled trials. J Clin Endocrinol 
Metab 2007;92:1415–1423.

 78. Dawson-Hughes B, Harris SS, Krall EA, et al. Effect 
of withdrawal of calcium and vitamin D supple-
ments on bone mass in elderly men and women. 
Am J Clin Nutr 2000;72:745–750.

 79. Boonen S, McClung MR, Eastell R, et al. Safety and 
effi cacy of risedronate in reducing fracture risk in 
osteoporotic women aged 80 and older: implica-
tions for the use of antiresorptive agents in the old 
and oldest old. J Amer Geriatr Soc 2004;52:
1832–1839.

 80. Lindeman RD, Tobin J, Shock NW. Longitudinal 
studies on the rate of decline in renal function 
with age. J Am Geriatr Soc 1985;33:278–285.

 81. Harris ST, Watts NB, Genant HK, et al. for the 
Vertebral Effi cacy with Risedronate Therapy 
(VERT) Study Group. Effects of risedronate treat-
ment on vertebral and nonvertebral fractures 
in women with postmenopausal osteoporosis: a 
randomised controlled trial. JAMA 1999;282:
1344–1352.

 82. Reginster J, Minne HW, Sorensen OH, et al. on 
behalf of the Vertebral Effi cacy with Risedronate 
Therapy (VERT) Study Group. Randomized trial 
of the effects of risedronate on vertebral fractures 
in women with established postmenopausal osteo-
porosis. Osteoporos Int 2000;11:83–91.



11. Medical Treatment of Age-Related Osteoporosis 151

 83. McClung MR, Guesens P, Miller PD, et al. for the 
Hip Intervention Program Study Group. Effect of 
risedronate on the risk of hip fracture in elderly 
women. N Engl J Med 2001;344:333–340.

 84. Eastell R, Barton I, Hannon RA, et al. Relationship 
of early changes in bone resorption to the reduc-
tion in fracture risk with risedronate. J Bone Miner 
Res 2003;18:1051–1056.

 85. Hochberg MC, Thompson DE, Black DM, et al. 
Effect of alendronate on the age-specifi c incidence 
of symptomatic osteoporotic fractures. J Bone 
Miner Res 2005;20:971–976.

 86. Tonino RP, Meunier PJ, Emkey R, et al. Skeletal 
benefi ts of alendronate: 7-year treatment of post-
menopausal osteoporotic women. J Clin Endocri-
nol Metab 2000;85:3109–3115.

 87. Lindsay R, Hart D, Clark D. The minimum 
effective dose of estrogen for prevention of 
postmenopausal bone loss. Obstet Gynecol 1984;
63:759–763.

 88. Stevenson J, Cuat M, Gangar K, et al. Effects of 
transdermal versus oral hormone replacement 
therapy on bone density in spine and proximal 
femur in postmenopausal women. Lancet 1990;
335:265–269.

 89. Heaney R. Estrogen-calcium interactions in the 
postmenopause: a quantitative description. Bone 
Miner 1990;11:67–84.

 90. Felso D, Zhang Y, Hannan M, et al. The effect of 
postmenopausal estrogen therapy on bone density 
in elderly women. N Engl J Med 1993;329:
1141–1146.

 91. Weiss N, Ure C, Ballard J, et al. Decreased risk of 
fractures of the hip and lower forearm with post-
menopausal use of estrogen. N Engl J Med 1980;
303:1195–1198.

 92. Paganini-Hill A, Ross R, Gerkins V, et al. Meno-
pausal estrogen therapy and hip fractures. Ann 
Intern Med 1981;95:28–31.

 93. Kiel D, Felson D, Anderson J, et al. Hip fracture 
and the use of estrogens in postmenopausal 
women—The Framingham Study. N Engl J Med 
1987;317:1169–1174.

 94. Cauley JA, Seeley DG, Ensrud K, et al. Estrogen 
replacement therapy and fractures in older 
women. Ann Intern Med 1995;122:9–16.

 95. Michaëlsson K, Baron JA, Farahmand BY, et al. 
Hormone replacement therapy and risk of hip 
fracture: population based case-control study. 
Br Med J 1998;316:1858–1863.

 96. Torgerson DJ, Bell-Syer SE. Hormone replace-
ment therapy and prevention of nonvertebral 
fractures: a meta-analysis of randomized trials. 
JAMA 2001;285:2891–2897.

 97. Ettinger B, Black DM, Mitlak BH, et al. Reduction 
of vertebral fracture risk in postmenopausal 
women with osteoporosis treated with raloxifene: 
results from a 3-year randomized clinical trial. 
Multiple Outcomes of Raloxifene Evaluation 
(MORE) Investigators. JAMA 1999;282:637–645.

 98. Delmas PD, Genant HK, Crans GG, et al. 
Severity of prevalent fractures and the risk of 
subsequent vertebral and nonvertebral fractures: 
results from the MORE trial. Bone 2003;33:
522–532.

 99. Lindsay R, Nieves J, Formica C, et al. Randomized 
controlled study of effect of parathyroid hormone 
on vertebral-bone mass and fracture incidence 
among postmenopausal women on oestrogen 
with osteoporosis. Lancet 1997;350:550–555.

100. Dempster DW, Cosman F, Parisien M, et al. Ana-
bolic actions of parathyroid hormone on bone. 
Endocr Rev 1993;14:690–709.

101. Marcus R, Wang O, Satterwhite J, et al. The skele-
tal response to teriparatide is largely independent 
of age, initial bone mineral density, and prevalent 
vertebral fractures in postmenopausal women 
with osteoporosis. J Bone Miner Res 2003;18:
18–23.

102. Boonen S J, Marin F, Mellstrom D, et al. Safety and 
effi cacy of teriparatide in elderly women with 
established osteoporosis: bone anabolic therapy 
from a geriatric perspective. J Am Geriatri Soc 
2006;54:782–789.

103. Eastell R. Treatment of postmenopausal osteopo-
rosis. N Engl J Med 1998;338:736–746.

104. 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. New Engl J Med 2001;344:
1434–1441.

105. Marie PJ. Optimizing bone metabolism in osteo-
porosis: insight into the pharmacologic profi le of 
strontium ranelate. Osteoporos Int 2003;14 (Suppl 
3):S9–S12.

106. Meunier PJ, Roux C, Seeman E, et al. The effects 
of strontium ranelate on the risk of vertebral frac-
ture in women with postmenopausal osteoporo-
sis. N Engl J Med 2004;350:459–468.

107. Reginster JY, Seeman E, De Vernejoul MC, et al. 
Strontium ranelate reduces the risk of non verte-
bral fractures in postmenopausal women with 
osteoporosis: Treatment Of Peripheral Osteopo-
rosis (TROPOS) Study. Endocrinol Metab 2005;
90:2816–2822.

108. Reginster JY, Meunier PJ, Roux C, et al. Strontium 
ranelate: an anti-osteoporotic treatment demon-
strated vertebral and nonvertebral anti-fracture 



152 S. Boonen

effi cacy over 5 years in post-menopausal osteopo-
rotic women. Osteoporos Int 2006;17 (Suppl 2):
S14(OC24).

109. Seeman E, Vellas B, Benhamou CL, et al. Stron-
tium ranelate reduces the risk of vertebral and 
non-vertebral fractures in women aged eighty 
years and over. J Bone Miner Res 2006;21:1113–
1120.

110. Seeman E, Vellas B, Benhamou CL, et al. Sustained 
5-year vertebral and non-vertebral fracture risk 
reduction with strontium ranelate in elderly 
women with osteoporosis. Osteoporos Int 2006;
18:1–13(OC39).

111. Gourlay M, Richy F, Reginster JY. Strategies for 
the prevention of hip fracture. Am J Med 
2003;115:309–317.

112. Lee SH, Dargent-Molina P, Bréart G, for the EPIDOS 
Group. Risk factors for fractures of the proximal 
humerus: results from the EPIDOS prospective 
study. J Bone Miner Res 2002;17:817–825.

113. Cadarette SM, Jaglal SB, Kreiger N, et al. Develop-
ment and validation of the Osteoporosis Risk 
Assessment Instrument to facilitate selection of 
women for bone densitometry. Can Med Assoc J 
2000;162:1289–1294.

114. American Geriatrics Society, British Geriatrics 
Society, and American Academy of Orthopaedic 
Surgeons Panel on Fall Prevention. Guideline for 
the prevention of falls in older persons. J Am 
Geriatr Soc 2001;49:664–672.

115. Close JC, McMurdo ME on behalf of the British 
Geriatrics Society Falls and Bone Health Section. 
Falls and bone health services for older people. 
Age Ageing 2003;32:494–496.

116. Briancon D, de Gaudemar JB, Forestier R. Manage-
ment of osteoporosis in women with peripheral 
osteoporotic fractures after 50 years of age: a study 
of practices. Joint Bone Spine 2004;71:128–130.

117. Feldstein A, Elmer PJ, Orwoll E, et al. Bone mineral 
density measurement and treatment for osteopo-
rosis in older individuals with fractures. Arch 
Intern Med 2003;163:2165–2172.

118. Birge SJ, Morrow-Howell N, Proctor EK. Hip 
fracture. Clin Geriatr Med 1994;10:589–609.

119. Sheehan J, Mohamed F, Reilly M, Perry IJ. Second-
ary prevention following fractured neck of femur: 
a survey of orthopaedic surgeons practice. Irish 
Med J 2000;93:105–107.

120. Feldstein AC, Nichols GA, Elmer PJ, et al. Older 
women with fractures: patients falling through the 
cracks of guideline-recommended osteoporosis 
screening and treatment. J Bone Joint Surg Am 
2003;85-A:2294–2302.

121. Poole KE, Reeve J, Warburton EA. Falls, 
fractures, and osteoporosis after stroke. Time to 
think about protection? Stroke 2002;33:1432–
1436.

122. Kamel HK, Hussain MS, Tariq S, et al. Failure to 
diagnose and treat osteoporosis in elderly patients 
hospitalized with hip fracture. Am J Med 2000;
109:326–328.

123. Bahl S, Coates PS, Greenspan SL. The manage-
ment of osteoporosis following hip fracture: have 
we improved our care? Osteoporos Int 2003;
14:884–888.

124. Cummings SR, Nevitt MC. Falls. N Engl J Med 
1994;331;87,873.

125. Greenspan SL, Myers ER, Maitland LA, et al. Fall 
severity and bone mineral density as risk factors 
for hip fracture in ambulatory elderly. JAMA 
1994;271:128–133.

126. Greenspan SL, Myers ER, Kiel DP, et al. Fall direc-
tion, bone mineral density, and function: Risk 
factors for hip fracture in frail nursing home 
elderly. Am J Med 1998;104:539–545.

127. Stone KL, Seeley DG, Lui L-Y, et al. BMD at 
multiple sites and risk of fracture of multiple 
types: long-term results from the Study of 
Osteoporotic Fractures. J Bone Miner Res 2003;
18:1947–1954.

128. Marshall D, Johnell O, Wedel H. Meta-analysis 
of how well measures of bone mineral density 
predict occurrence of osteoporotic fractures. BMJ 
1996;312:1254–1259.

129. Cummings SR, Nevitt MC, Browner WS, et al., The 
Study of Osteoporotic Fractures Research Group. 
Risk factors for hip fractures in white women. 
N Engl J Med 1995;332:767–773.



153

12
Treatment of Osteoporosis in Long-Term Care
Gustavo Duque and Louise Mallet

Introduction

The major determinants of admission at long-
term care institutions (LTCI) include severe dis-
ability, poor social/familial support, advanced 
cognitive impairment, and either sequelae or end 
stages of chronic diseases such as Alzheimer’s 
disease, diabetes, and heart and renal failure. All 
these conditions have made elderly patients 
unable to cope with their life in the community 
(1), requiring a higher amount of assistance for 
their activities of daily living. LTCI offer a set of 
care measures that attempt to improve their 
patients’ quality of life and provide relief to care-
givers and families.

Osteoporosis is one of the major health prob-
lems among LTC residents, and is considered one 
of the major “Geriatric Syndromes” because its 
incidence increases with age, and because it pre-
disposes to the occurrence of fractures and dis-
ability. In fact, despite evidence that osteoporosis 
is highly prevalent in LTCI, it remains under-
diagnosed and under-treated (2–4). This is unfor-
tunate because the higher incidence of osteopo             -
rotic fractures (4) has a signifi cant impact on 
quality of care and, most importantly, on patient 
quality of life and mortality. Even if a diagnosis 
of osteoporosis was made more appropriately in 
the LTCI, the effectiveness of various treatment 
approaches used in non-institutionalized seniors 
have not been established in the LTC population 
(5). In this chapter, we will review the current 
considerations that should be made concerning 
the treatment of osteoporosis in LTCI. A com -
prehensive review of the literature will be made, 

followed by a series of recommendations about 
the treatment of osteoporosis in LTCI, taking into 
account the particularities of the LTC population.

The Particular Characteristics of 
the LTC Environment

The high prevalence of osteoporosis in LTCI has 
been demonstrated by studies assessing the World 
Health Organization criteria (3). This prevalence 
goes from 50% of men and up to 80–85% in 
women (6,7). However, not all bone mineral 
density (BMD) decrements are necessarily owing 
uniquely to long-term nursing home stays, but to 
disease, dysfunction, and disability that ultimately 
leads to admission (6). In a prospective cohort of 
white female nursing home residents (n = 1427) 
over 18 months (8), a total of 223 osteoporotic 
fractures occurred among 180 women. Low BMD 
and transfer dependence were the most signifi -
cant for fractures. In addition, among residents 
dependent in transfer, those with a BMD below 
the median had a more than threefold increase in 
fracture risk when compared with other residents 
dependent in transfer. These and other recent 
reports (9–11) highlighted the importance of 
dependence in transfer as a risk factor for osteo-
porosis in this population independently of their 
BMD (12).

Osteoporotic fractures in LTCI have a signifi -
cant economic impact, considering that the 
amount of assistance as well as the medical care 
of their complications is much more expensive 
than prevention measures for fractures. For 
instance, a study of nursing home residents in 



154 G. Duque and L. Mallet

Maryland found that in the month following a 
fracture, those who experienced fractures were 
hospitalized more than 15 times as often as those 
who did not (13). This signifi cant burden on the 
health system also has an important impact on 
medical expenditures and health budgets, repre-
senting 28.2% of total expenditures for the treat-
ment of osteoporotic fractures in the American 
population (14).

How to Diagnose Osteoporosis in LTCI

The diagnosis of osteoporosis in community-
dwelling populations is usually made after consid-
eration of risk factors and the quantifi cation of 
BMD. The combination of both assessments iden-
tifi es patients who are at high risk of fractures. In 
settings where BMD is not available, the use of 
other risk factors, including past history of frac-
ture, may provide enough evidence to recommend 
treatment independently of BMD results (15,16). 
This concept is particularly relevant for LTCI for 
several reasons, because bone density testing may 
not be practical owing to the diffi culty in mobiliz-
ing patients for transport to a facility with bone 
density equipment, and the technical diffi culties 
associated with patients’ mobility or behavioral 
problems that interfere with BMD testing. Finally, 
the performance of a BMD has not been shown to 
modify physicians’ therapeutic decision-making 
in the treatment of osteoporosis. Gupta and Arnos 
(17) have shown that only 49% of 136 post-
menopausal women in a nursing home popula-
tion had BMD measurements. Of these 66 women, 
31 (47%) had osteoporosis, 21 (32%) had osteo-
genic BMD, and 14 (21%) had normal BMD. Most 
importantly, only 55% of patients with docu-
mented osteoporosis were being treated, which 
illustrates the under-use of both diagnostic and 
therapeutic approaches for osteoporotic patients 
in nursing homes even although BMD results 
showed a decrease in bone mass, which clearly 
correlates with fracture risk.

In a recent study, Colon-Emeric et al. (3) found 
that factors associated with any bone protection 
(medication or hip protectors) in institutionalized 
populations included female gender and no 
urban/suburban location. In contrast, residents 
with esophagitis, peptic ulcer disease, and alcohol 
abuse were less likely to receive treatment.

Looking for an alternative approach for the 
assessment of bone density and/or risk of frac-
tures in institutionalized patients, Elliot et al. used 
ultrasound to quantify bilateral calcaneal BMD in 
49 institutionalized women aged 68–100 years and 
correlated them with their serum vitamin D levels 
(18). Using this more mobile diagnostic method, 
which does not rely on ionizing radiation, the 
authors found that osteoporosis was highly preva-
lent (59%) and poorly documented in the patient’s 
medical record. However, ultrasound also has a 
number of limitations as a diagnostic method for 
osteoporosis, such as the operator’s experience 
and the variability between different machines. 
Nevertheless, it may be a good alternative to BMD 
for the diagnosis and, in some cases, the follow-up 
of patients with osteoporosis in nursing homes 
because of its usefulness for screening purposes, 
with sensitivities and specifi cities of 70–85% 
(18).

In summary, osteoporosis is clearly under-
diagnosed and under-treated in LTCI. Consider-
ing the implications that osteoporotic fractures 
have on patients morbidity and mortality, it is 
mandatory to establish a unifi ed approach to 
identify patients at risk and to treat them appro-
priately. From a diagnostic point of view, it should 
be based on a combination of patient risk factors, 
clinical fi ndings (kyphosis, clinical fractures), 
radiological fi ndings, and height reduction. The 
therapeutic decision-making will be reviewed 
further in this chapter.

Who Should Be Treated?

A national panel of nursing home experts in the 
United States developed a set of specifi c care 
processes associated with better outcomes for 
general medical conditions, including osteoporo-
sis (19). In their report, Saliba et al. discussed 
potential indicators before completing confi den-
tial ballots rating validity (process associated with 
improved outcomes), feasibility of measurement 
(with charts or interviews), feasibility of imple-
mentation (given staffi ng resources in average 
community LTCI), and importance (expected 
benefi t and prevalence in LTCIs). Among the 114 
quality indicators identifi ed during this exercise, 
seven were specifi cally suggested for osteoporosis 
(Table 12.1).
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TABLE 12.1. Quality Indicators for the Management of Medical Conditions in Nursing Home Residents

Topic NH indicator Note

On admission to the NH ALL female residents should be offered both 
calcium and vitamin D and weight-bearing 
exercises within 1 month.

Exclude if advanced dementia or poor prognosis 
Feasibility of measurement questionable

Mobilization IF a NH resident is bedfast, then mobilization should 
be attempted unless there is a contraindication.

Feasibility of measurement questionable

Calcium/vitamin D for osteoporosis IF a NH resident has osteoporosis, then calcium and 
vitamin D supplements should be prescribed 
within 1 month of admission or of a new 
diagnosis of osteoporosis.

Exclude if advanced dementia or poor prognosis

Treatment of new osteoporosis IF a NH resident is newly diagnosed with 
osteoporosis, then he or she should be offered 
pharmacologic treatment within 3 months 
of diagnosis.

Exclude if advanced dementia or poor prognosis

Calcium/vitamin D for corticosteroid use IF a NH resident is taking corticosteroids for more 
than 1 month, then the resident should also be 
offered calcium and vitamin D.

Identifying secondary osteoporosis IF a NH resident has a new diagnosis of 
osteoporosis, then, during the initial evaluation 
period, medications should be reviewed as 
possibly contributing to osteoporosis.

Exclude if advanced dementia or poor prognosis 

Exercise therapy for new fracture IF an ambulatory NH resident has an osteoporotic 
fracture diagnosed, then some form of physical 
therapy should be prescribed within 1 month.

Exclude if advanced dementia or poor prognosis

NH, nursing home.
Adapted from (19).

Additionally, one of their conclusions was that 
despite these clear recommendations and quality 
markers, only 55% of women with osteoporosis in 
LTCI are receiving calcium and only 42% are 
receiving vitamin D, maybe the most simple and 
harmless methods of intervention for osteoporo-
sis in LTCI. Considering that osteoporotic frac-
tures are a marker of poor quality of care in LTCI, 
it is interesting that the use of preventive 
measures in the institutions was quite low.

The fact that osteoporosis is being under-
treated in institutionalized elderly patients is 
well documented (17,20). This is probably owing 
to the fact that there are virtually no clinical 
trials of treatment in LTCI. Recently, a symposium 
was held in the province of Quebec (Canada) to 
discuss the issue of under-diagnosis and under-
treatment of osteoporosis in LTCI (21). They 
conclude that most of the decisions made by 
providers in the LTCI are based on the length of 
treatment versus patient life expectancy and/or 
prognosis, compliance, tolerability, pharmacoeco-
nomics, and fi nally prevention of polypharmacy.

Length of Treatment Versus Patient Life 
Expectancy and/or Prognosis

The mean survival time of institutionalized elderly 
patients varies from site to site, because of the 
complexity of the concurrent diseases, quality of 
care, and mean age. In Canadian LTCI, the average 
length of stay is about 2.5 years (23). Initial reports 
on the time required by osteoporosis treatment to 
have an effect on fracture prevention has been 
questioned after new evidence has demonstrated 
that increases in BMD could be achieved within 6 
months of initiating treatment, and that fracture 
rates start to decrease after the fi rst year in most 
cases (24). In fact, recent studies using bisphos-
phonates have reported earlier effectiveness in 
fracture prevention (25,26). Considering the 
average length of stay, the effectiveness of treat-
ment and the catastrophic consequences of having 
a fracture in LTC patients, it is important to re-
emphasize the importance of initiation osteopo-
rosis treatment (both preventive and therapeutic) 
in this high-risk population. Finally, it should be 
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emphasized that treatment for osteoporosis in 
elderly LTC residents will only be effective if con-
comitant assessments, prevention, and interven-
tions of falls risk factors are simultaneously 
pursued. A complete review on the strategies for 
fall prevention is available in Chapters 9 and 10 of 
this book.

Adherence

Adherence to osteoporosis medications is an 
important problem in ambulatory elderly patients 
(25,27). Approximately 20–30% of patients may 
abandon their treatment within 6–12 months 
after beginning therapy (27). Reasons associated 
with non-adherence include side effects of medi-
cation, fear of side effects or other health risks, 
and not knowing the results of BMD test results. 
In LTCI, this should not represent a problem, 
because administration of medications is closely 
supervised by nursing staff and, in some cases, 
regular follow-up by pharmacists. Furthermore, 
reducing medication administration frequency 
to weekly or monthly eases the burden on 
nurses administering medications. No data is 
available regarding adherence of osteoporotic 
treatments in LTCI. However, re-evaluation of 
drug therapy should be done periodically, 
especially when LTC patients refuse to take their 
medications, or when nurses have to crush or 
modify the dosage form for the patient to take 
his medications.

Tolerability

Tolerability to osteoporosis treatment is generally 
good. To decrease constipation and fl atulence 
associated with calcium, it is suggested to start 
with 500 mg of elemental calcium once a day for 
1–2 weeks, and then increase to 500 mg of elemen-
tal calcium twice per day and then three times per 
day. Vitamin D has not been associated with side 
effects or toxicities (28). In a study examining 
vitamin D and calcium defi ciency in LTC resi-
dents, despite having been prescribed vitamin D 
and calcium, Hamid et al. (29) reported that most 
of the residents were not supplemented adequately 
with calcium and vitamin D. In several cases, it 
was owing to poor adherence, even in this institu-
tionalized population.

Bisphosphonates are usually well tolerated if 
specifi c administration requirements are fol-
lowed. These requirements include fasting, taking 
with a full glass of water, remaining in an upright 
position, and not taking any medications or food 
concomitantly. However, erosive esophagitis, at 
times severe, can develop, particularly if adminis-
tration requirements are not followed properly. 
Bisphosphonates should be avoided in patients 
with esophageal strictures, achalasia, or untreated 
symptomatic acid refl ux (30). Use of oral bisphos-
phonates is not recommended in patients with 
severe renal impairment. According to package 
inserts, alendronate is not recommended for use 
in patients with a creatinine clearance less than 
35 mL/minute (31), and risedronate is not recom-
mended in patients with a creatinine clearance 
less than 30 mL/minute (32). However, recent 
study (33) has shown that they can be safely 
administered at reduced doses in patients with 
15 mL/minute, although the effi cacy of reduced 
dosing on fracture reduction has not been 
established.

Pharmacoeconomics

Preventing and treating osteoporosis in LTCI may 
represent an economic burden to their already 
limited budgets if the cost of medications and the 
time needed to administer the medications by 
nurses are the only factors taken into consider-
ation. However, this should be looked at in a dif-
ferent perspective. Vertebral, or more importantly, 
hip fractures, represent an enormous burden for 
institutions and society because of numerous 
factors such as use of analgesic treatments, func-
tional and cognitive deterioration, and use of 
more nursing staff without considering that frac-
tures are indicators of bad quality of management 
(19). Finally, as suggested by Haentjens et al. (34), 
preventing and treating osteoporosis in order to 
prevent hip fractures in LTCI is cost effective 
when all the mentioned considerations are 
made.

Polypharmacy or Appropriate Use of Medication

The average number of medications in LTC 
patients in Quebec is 7.5 (22). Physicians working 
in LTCI should periodically review the indications 
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of the medications prescribed to their patients at 
and after admission. A systematic medication 
review should be done with the physician, phar-
macist, and other members of the team as needed. 
Additionally, a list of medical problems should be 
included in the patient’s chart to document any 
new active medical problem.

Polypharmacy is a term that should be deleted 
from the scientifi c literature and should be 
replaced by “appropriate use of medication.” If 
there is a clear indication, osteoporosis treatment 
should be maintained in LTC residents. Discon-
tinuation of osteoporosis treatment in LTC resi-
dents may have important health consequences. 
It is well documented that discontinuation of 
vitamin D, calcium, and even bisphosphonates is 
followed by changes in bone markers that suggest 
an increase in bone resorption, which will affect 
bone mass and predispose to fractures (35). The 
benefi ts of preventing a fracture in patients with 
indications for treatment surpass the consider-
ations for discontinuation of treatment.

Treatment of Osteoporosis in 
Nursing Homes

General Guidelines

• Co-morbidities, risk factors, and life expect                         -
ancy should be considered before initiating 
treatment.

• ALL patients admitted in LTCI should be evalu-
ated for BOTH falls and non-fall-related risk of 
fractures. Interventions targeting identifi ed risk 
factors should be implemented. A plan of action 
regarding discontinuation of medications that 
can induce falls should be implemented.

• Bed-ridden residents unable to mobilize should 
be excluded from treatment of osteoporosis. 
However, considering that they are still at risk 
for fractures that occur with transfer from bed 
to chair or even lifting, vitamin D supplementa-
tion may be considered as an effective preven-
tive measure for fractures if the patient can 
swallow medications.

• The resident’s opinion and/or that of the 
res ponsible party for health care decisions 
must be always considered (advantages and 

disadvantages) regarding treatment option for 
osteoporosis.

Screening

• Even though screening for BMD for all residents 
65 years and older has been recommended, 
logistical considerations often preclude from 
implementing this in clinical practice. Consid-
ering the age and functionality of patients 
admitted at LTCI, it is often impossible to have 
a BMD done in this population. If possible, 
patients with risk factors should be assessed for 
osteoporosis.

Laboratory Tests

• There is no evidence to indicate that biochemi-
cal bone markers are useful in this type of 
setting.

• Secondary causes for osteoporosis should be 
ruled out with the following: serum calcium, 
albumin, serum phosphorus, alkaline phospha-
tase, thyroid stimulating hormone (TSH), serum 
creatinine and protein electrophoresis.

• Serum levels of vitamin D, parathyroid hormone 
(PTH), and active forms of vitamin D are not 
recommended on a routine basis. These tests 
should be done in severe cases, in patients not 
responsive to usual treatment, or in patients 
with severe renal impairment.

Indications for Starting Treatment

• Patients with risk factors for osteoporosis even 
though BMD is unknown or not done because 
of logistical problems.

• Osteoporosis detected by densitometry.
• Previous history of osteoporotic fractures.
• Patients with new fractures (vertebral and 

non-vertebral).

Treatment

Non-Pharmacological Interventions (Table 12.2)

A number of studies have demonstrated that 
non-pharmacological interventions are effective 
for reducing the number of fractures in elderly 
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TABLE 12.2. Non-Pharmacologic Intervention in Individuals with 
Low Bone Density

Smoking cessation
Cutting down on alcohol consumption
Regular weight-bearing and strengthening exercises
Drinking coffee with milk
Avoiding medications known to decrease bone mass
Ensuring a well-balanced diet
Fall assessment and implementing interventions to decrease risk of 

falling
Recommending hip protectors for individuals willing to wear them

Adapted from (21).

patients (36). In some (but not all) clinical trials, 
the use of hip protectors has been shown to save 
money while preventing hip fractures and improv-
ing quality of life in LTC residents. Compliance 
has been low in all previous studies (37), and it is 
not well documented which hip protector is the 
best to use.

Pharmacological Interventions 
(Table 12.3 and Table 12.4)

Calcium and vitamin D supplements should be 
prescribed for institutionalized elderly residents 
to decrease or prevent the risk of osteoporotic 
fractures, including hip fractures (21). Recent 
studies have shown that vitamin D may not be 
effective for the prevention of falls and fractures 
in elderly population; however, these studies were 
done either in ambulatory dwelling elderly 
patients (38,39) or using a dose of vitamin D that 
was sub-therapeutic (40).

It has been suggested that dietary intake of 
calcium and sun exposure could provide adequate 
levels of vitamin D in elderly patients; however, 
Vecino et al. measured vitamin D levels in an 
ambulatory elderly population in Quebec (41) and 
found that despite dietary supplementation with 
vitamin D and appropriate sun exposure, the 
prevalence of either vitamin D defi ciency or in -
suffi ciency in this ambulatory elderly population 
was 35%.

Furthermore, there is evidence that vitamin D 
supplementation at a dose of 800 IU/day reduces 
the risk of falls through improvements of muscle 
strength (42). Preparations of vitamin D can 
be used from 10,000 IU a week, 50,000 IU every 
month, or 150,000 IU every 3 months. In LTCI, 

TABLE 12.3. Treatment of Osteoporosis: Calcium and Vitamin D 
Supplements

Calcium
1500 mg/day for all LTC residents
Vitamin D3
800 UI/day for all LTC residents

From (21).

this can decrease nursing time in terms of medica-
tion administrations without affecting its effi cacy 
or toxicity (28).

Calcium supplementation should be part of 
preventive strategy in osteoporosis management. 
A total elemental calcium intake of 1500 mg/day 
is recommended for nursing home residents. 
There are many preparations or forms of calcium 
supplementation available on the market. These 
preparations may vary in the type of salt, the 
amount of elementary calcium, the costs, and the 
absorption rates. Calcium carbonate is the most 
frequently used calcium supplement because it 
contains 40% of element calcium and is the least 
expensive. Calcium carbonate requires an acidic 
environment for best absorption; it should be 
taken with meals for optimal absorption. Elderly 
patients may have decrease gastric secretion, 
and a number of them are simultaneously taking 
acid-reducing medications.

Calcium citrate may be an alternative for some 
patients. It contains 24% of elemental calcium per 
tablet but it does not need an acidic environment 
to be absorbed. However, it is more expensive 
than calcium carbonate. Dosage should be divided 
throughout the day to facilitate adherence, because 
the tablets size are quite large, making it diffi cult 
for some patients to swallow. Liquid formulations 
are available, but the taste may be a problem for 
some patients. Chewable preparations are also 
available as well as combination preparation with 
vitamin D. A common side effect of calcium is 
constipation. It can be decreased by slowly titrat-
ing the dose from once daily for a few weeks to 
twice then three times daily.

Calcium supplement can decrease the absorp-
tion of quinolones, tetracyclines, or levothyroxine 
if administered concurrently. Managing this drug 
interaction can be done by spacing the time of 
administration of calcium by at least 2 hours.
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Bisphosphonates

Alendronate, risedronate, and most recently, 
ibandronate have been approved for prevention 
and treatment of post-menopausal osteoporosis. 
Several studies (3,43,44) have recently found dif-
fering patterns of prescription for anti-resorptive 
medications in nursing facility residents and com-
munity-dwelling elderly patients. They reported 
that LTCI residents are less likely to receive 
bisphosphonate treatment and more likely to 
receive calcitonin, which is known to have a weak 
effect in fracture reduction.

Only one randomized controlled trial has been 
done in elderly osteoporotic women residing in 
LTCI, and found that alendronate (10 mg po daily) 
(45) increased BMD in both spine and femoral 
neck with good tolerance when compared with 
placebo. The incidence of fractures did not reach 
statistical signifi cance though because of the 
limited number of patients and limited follow-up 
period.

Additionally, several major trials reporting vari-
able effects according to sub-groupings by age 
were found. The Fracture Intervention Trial (FIT), 
(46) which did not analyze an elderly population, 
showed that after 3 years of therapy the rate of 
new vertebral fractures was reduced in 47% of 
the alendronate group compared to the placebo 
group. Similarly, a 51% reduction in hip fractures 
was seen. The Hip Intervention Trial (HIP) (47) in 
older populations showed a higher BMD in the 
treated group after 6 months and a reduction in 
the incidence of fractures of 41% in the treated 
group. Although studies comparing the benefi ts 
of different bisphosphonates have shown contra-
dictory results, the clinician should consider the 
period of time required to obtain not only a gain 
in BMD but also an effective reduction in the 
number of fractures. The recent REAL study (26) 
showed that patients receiving risedronate have 
lower rates of hip and non-vertebral fractures 
during their fi rst year of therapy than patients 
receiving alendronate. However, this study did not 
include patients living in LTCI. Although tolerance 
and adherence have improved since the develop-
ment of once-weekly dosing, there are still some 
limitations in adherence. Pamidronate infusion or 
newer bisphosphonates such as yearly zoledronic 
acid by injection may be a solution in the future.

Proper instructions should be followed by the 
patient to decrease the risk for esophagitis. 
Patients must take their bisphosphonates on an 
empty stomach with a full glass of water, then 
remain in an upright position and avoid food, 
beverage, and other medications for at least 30 
minutes. For these reasons, bisphosphonates are 
inappropriate for bed-ridden patients or patients 
at risk of aspiration. Additionally, side effects are 
not frequent and include headache, fl ushing, and 
muscle pain.

Calcitonin

Calcitonin has the advantage of being easy to 
administer and has a good tolerability profi le. 
Side effects include nasal dryness, nose bleeds, 
and occasional nasal ulceration. It is administered 
as a nasal spray, and proper technique of admin-
istration should be used to assure effi cacy. The 
nozzle should be kept in a straight line with the 
nasal passage, and nostrils should be alternated 
with each dose. It does not have any signifi cant 
effect on the incidence of non-vertebral fractures, 
which are by large the most important events to 
be prevented in LTCI. Currently, calcitonin is only 
recommended for the relief of pain associated 
with vertebral fractures (48). It should be pre-
scribed for short-term use.

Estrogens

Results from the Women’s Health Initiative (49) 
showed a clinically signifi cant protective effect of 
estrogens against hip fractures. However, this 
study also demonstrated that the overall risks 
from estrogen use exceeded the benefi ts. Consid-
ering the mean age of the LTCI population, and 
the negative risk/benefi t analysis, estrogens are 
not appropriate for the treatment of osteoporosis 
in LTCI. Patients being admitted to LTCI already 
on estrogens should be reassessed.

Selective Estrogen Receptor Modulators (SERMs)

Hansdottir et al. (50) evaluated the effect of ral-
oxifene on markers of bone turnover in older 
women living in LTCI. They showed that raloxi-
fene did reduce bone turnover, but no evaluation 
on fracture incidence was done. The safety of 
raloxifene in older populations remains to be 
determined.
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TABLE 12.4. Pharmacological Treatment of Osteoporosis in LTCI

Consider:
• Mental and nutritional status
• Risk of falls and fractures
• Mobility
• Previous treatments for osteoporosis
• Other medical conditions and medications
• Patient’s opinion (if competent)
Indications
Bisphosphonates 
• Patient at high risk of fractures:
   • Risk factors
   • Previous fractures
   • Low BMD (<−2.5 SD) (if available)
SERMs
• Second choice if intolerance to bisphosphonates
• Female residents
Calcitonin
• Analgesic treatment of symptomatic vertebral fractures
PTH
• Not tested in LTCI
• Approved only for post-menopausal ambulatory women with 

   osteoporosis
Strontium Ranelate
• Not tested in LTCI
• Potential good alternative to anti-resorptives

LCTI, long-term care institution; BMD, bone mineral density; SD, standard 
deviation; SERM, selective estrogen receptor modulator; PTH, parathyroid 
hormone.
Adapted from (21).

Anabolic Treatment

Teriparatide is indicated for the management of 
individuals at high risk for fractures, including 
subjects who are younger than age 65 and who 
have low BMD measurements (51). No studies 
using PTH in older populations have been 
pursued, and no reports of ongoing studies are 
available. Furthermore, PTH is a costly treatment, 
which needs to be administered subcutaneously 
on a daily basis.

Finally, strontium ranelate is a new alternative 
that has shown its effectiveness in the prevention 
of non-vertebral fractures, including hip fractures 
(52). Although the effectiveness of strontium has 
not been assessed in institutionalized patients, the 
fact that it has an anabolic effect as well as an easy 
way of administration as a soluble powder makes 
it an excellent alternative to other medications 
with diffi cult administration, such as bisphospho-
nates and PTH.

Conclusion

Institutionalized older adults are the population 
at higher risk for both falls and fractures. Inter-
ventions oriented to prevent their occurrence 
should include a complete assessment at admis-
sion, medication review, risk assessment, and 
non-pharmacological interventions. Concerning 
pharmacological approach, all patients at risk 
should receive both calcium and vitamin D. And, 
if tolerated and indicated, pharmacological treat-
ment with either anti-resorptive or anabolics 
should be started.
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Introduction

Fractures are an unfortunate but common occur-
rence in the aged population. They are a result of 
the inevitable decline of a number of bodily 
systems including bone homeostasis, muscular 
strength, balance, dexterity, and, in some cases, 
psychological fi tness. With the increasing elderly 
population resultant from longer life expectan-
cies, the sheer number of fractures encountered 
by health care providers has necessitated closer 
evaluation of their treatment. This has in fact 
commanded attention as a distinct area of study 
within orthopedic traumatology and spinal 
surgery over the past few years.

A discussion of fractures in older persons must 
recognize the catastrophic infl uence of age-related 
osteoporosis on the skeleton. Such a discussion 
engages not only the culpability of osteoporosis 
for proclivity towards fracture, but also the tech-
nical challenges faced with attempts to mend the 
weakened bones. With age, osteoporosis insidi-
ously converts normal rigid bones into veritable 
“empty egg shells” that can be crushed between 
one’s fi ngers with little effort. In addition, a dis-
cussion of fracture treatment in older individuals 
would be remiss without acknowledging the asso-
ciated co-morbidities that can make a surgical 
procedure risky to perform (1) or that may result 
from a delay in stabilization (2,3).

A number of recent advancements in fracture 
care have had potential benefi ts for the elderly 
patient with osteoporosis. Vertebroplasty and 
kyphoplasty are minimally invasive surgical treat-
ments for vertebral compression fractures that, 

despite the previous gold standard treatment of 
“benign neglect,” left many of the affl icted with 
long-standing pain, disability, and co-morbidity 
(4). Improvements in percutaneous fi xation of 
extremity fractures aim to lessen the morbidity of 
surgical stabilization in this fragile population (5). 
With recognition of compromised healing of 
osteoporotic bone (6), the application of growth 
factors, such as bone morphogenetic proteins 
(BMPs), to accelerate fracture union and spinal 
arthrodesis may have a greater role in manage-
ment of the injured older individual (7–9).

Fixation Challenges in 
Osteoporotic Bone

The relationship between advanced age, decreased 
bone mineral density (BMD), and increased risk 
for fragility fractures has been well established. 
This will be discussed in other chapters of this 
book. Germane to the current discussion is the 
diffi culty of manipulating, reducing, and stabiliz-
ing fragments of osteoporotic bone.

Fractures can be described by a number of 
important attributes. These include comminution 
(i.e., when the bone has fractured into many 
smaller fragments), involvement of an articular 
surface (i.e., joint), angulation (i.e., planar defor-
mities), and displacement (i.e., how far apart the 
fragments are from each other). An important 
surgical principle of fracture treatment is to 
reverse these deformities in order to approximate 
normal alignment as best as possible. This requires 
manipulation of the bone fragments with metallic 
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instruments to reduce displacement, correct 
angulation, and restore length. In normal bone, 
large forces can be applied with little concern of 
causing additional injury to the bone. In osteopo-
rotic bone, such forces can have devastating and 
explosive effects on the bony architecture, which 
can render them unreconstructible.

Assuming that acceptable reduction can be 
achieved, the next surgical challenge is maintain-
ing this reduction. Currently, this is most com-
monly achieved with the use of implants made 
either of stainless steel or titanium in the form 
of rods or plates. Screws are the primary mode 
of fi xing rods or plates to the bone. In non-
osteopenic specimens, screws readily achieve 
excellent purchase (i.e., hold) within bone. This is 
not the case, unfortunately, with osteoporotic 
bone. Early failure of fracture fi xation in osteopo-
rotic bone is most infl uenced by the degree of 
BMD loss (10,11).

This difference can be appreciated by the fol-
lowing household analogy. When inserting a 
screw into a wall at home to anchor an object such 
as a picture frame or draperies, one can either hit 
a “good spot” or a “bad spot”. A good spot would 
be directly over a wooden beam, representing 
normal bone (Figure 13.1A). The screw passes 
through the plasterboard to engage the underly-
ing beam, which provides an excellent and stable 
anchor. A bad spot would miss the beam, placing 
the screw only in plasterboard. As it is turned, the 

threads advance the screw. However, once the 
screw head reaches the wall, subsequent turns 
never reach an endpoint, as the plasterboard 
crumbles around it (Figure 13.1B). Regardless of 
how many turns, the screw head can be plucked 
from the wall with one’s fi ngertips. This disap-
pointing tactile experience is uncannily similar to 
placing screws into osteoporotic bone. With the 
screw’s incompetence to achieve its own purchase 
in bone, asking it to secure a plate for an unstable 
fracture becomes a futile request.

Despite this unencouraging picture, all is not 
hopeless. Metallic screws, rods, and plates are 
indeed still the most common method of fi xation 
of osteoporotic fractures. Human ingenuity has 
somewhat conquered the plague of weakened 
bone by devising methods to augment fi xation. 
So-called osteoporosis screws have been devel-
oped. These incorporate a threaded-cap, which 
can be applied to the far end of a screw, working 
more like a nut and bolt than a wood screw. Using 
the plasterboard analogy described previously, 
this would be similar to placing a toggle bolt that 
derives its stability from pressing against the inner 
surface of the wall. Another method is using bone 
cement, such as polymethylmethacrylate (PMMA), 
to augment the fi xation strength of a screw. PMMA 
can be used in both long bones as well as the 
spine.

Changing the location of the fi xation device 
can also aid in its ability to stabilize a fracture. 

A B

FIGURE 13.1. In normal bone, a screw achieves excellent purchase 
with a firm endpoint. Using the described analogy of inserting a 
screw in to a plaster wall, this would be analogous to “catching” 
the beam (A). In contrast, inserting screws into osteoporotic bone 

yields no endpoint, analogous to “missing” the beam (B). The 
screw can be turned indefinitely with no endpoint as it spins in 
place.
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Intramedullary nails, though not initially devel-
oped for osteoporotic bone, are inserted into the 
medullary cavity of long bones, such as the femur, 
tibia, and humerus. In contrast to plates, intra-
medullary devices are located closer to the weight-
bearing axis of the bone (Figure 13.2). This allows 
the fracture ends of the bone to bear more of the 
load than would be allowed by a plate. Sliding hip 
screws rely on a similar principle in that they 
allow the broad cancellous surfaces of an intertro-
chanteric fracture to sustain the majority of the 
load. The primary function of the implant, there-
fore, is to keep the fragments aligned but not to 
bear load.

Finally, there are methods of treating fractures 
that do not rely on screw-based implants or frac-
ture reduction. For example, most surgeons con-
sider an arthroplasty (i.e., joint replacement) to 
be the treatment of choice for elderly patients with 
femoral neck fractures of the hip (12). Such a 
treatment circumvents the need to reduce and 
stabilize a fracture, as it involves removal and 
replacement of the fractured segment of bone. 

Furthermore, the prosthesis is usually secured to 
the bone with PMMA cement, which is preferred 
over so-called press-fi t fi xation, in the setting of 
osteoporotic bone. Such a fi xation method does 
not directly rely on bone density as much as screw, 
plate, or rod fi xation. Another example is verte-
bral augmentation (i.e., kyphoplasty and verte-
broplasty), in which PMMA cement is injected 
into the fractured vertebral body. Although frac-
ture pain is presumably lessened by the stability 
of the PMMA in its hardened state, this is not 
dependent on reduction of the fracture. This 
treatment technique also avoids the plagues 
of attempting to stabilize spinal fractures with 
pedicle screws and rods, which have a tendency to 
loosen and fail in osteoporotic bone.

Timing of Fracture Treatment 
in the Elderly

The optimal time to stabilize fractures in older 
persons is a continuously debated topic. Infl uen-
tial factors include the anatomical region, the 
fracture’s effect on ambulation, and the overall 
medical condition of the patient. It cannot be 
assumed that the indications to fi x a fracture in a 
young person are the same in an elder person. 
Likewise, the importance of early fi xation for 
some injuries is pronounced in older individuals 
who are more prone to medically decline with 
prolonged recumbency.

Hip Fractures

Hip fractures directly and immediately affect a 
patient’s ability to ambulate. Non-operative man-
agement leaves patients recumbent, placing them 
at high risk for decubitus ulcers, thromboembolic 
events, and pulmonary decompensation. Further-
more, non-operative treatment has been shown to 
result in a higher mortality rate (13). Most authors 
agree that surgery should not be delayed for a 
prolonged period of time to wait for “medical 
clearance” (3). In fact, these patients are often 
most medically optimized at the time of pre-
sentation, as they tend to decline during their 
hospital stay.

For these reasons, hip fractures are preferably 
surgically treated within the fi rst 2–4 days after 

FIGURE 13.2. An intramedullary nail is better aligned with the 
weight-bearing axis of a bone (left), which may have advantages 
in osteoporotic patients. Plates and screws lie farther away from 
the weight-bearing axis (right).
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injury. Some investigators have observed that 
surgery performed within 24 hours signifi cantly 
reduces mortality rates (2). Zuckerman et al. (3) 
found that delay in hip fracture fi xation of more 
than 2 calendar days signifi cantly increased the 
1-year mortality rate in cognitively intact, ambu-
latory individuals. Most recently, the mortality 
rate was not found to be higher in elderly patients 
who underwent hip fracture treatment within 4 
days of injury (14). The current recommendation 
is to fi x patients with hip fractures as early as 
medically allowable (15).

Vertebral Fractures

Thoracic and lumbar compression fractures can 
have detrimental effects on quality of life, pulmo-
nary function, and the ability to perform activities 
of daily living. Whereas hip fractures have imme-
diately negative effects, vertebral compression 
fractures are more insidious, often occurring as 
occult injuries, and exhibit their effects gradually 
over time. As subsequent and multiple injuries are 
common, these effects can be cumulative.

With the introduction of vertebroplasty and 
kyphoplasty, an effective treatment for pain relief 
and restoration of function is available where 
none previously existed (16–18). Despite its effec-
tiveness, this tool must be used within a sound 
and balanced treatment algorithm that appreci-
ates the natural history of fractures. Pain is 
relieved with observation alone in nearly two-
thirds of cases. Within this group, pain relief is 
substantial within 6 weeks (18a). As the procedure 
is not without complications, albeit rare ones, an 
algorithmic approach would likely avoid many 
unneeded surgeries. In contradistinction, persis-
tently painful fractures can lead to physical decon-
ditioning, emotional and psychological distress, 
and dependence on pain medication. Though the 
precise threshold is unknown, waiting too long to 
perform a kyphoplasty or vertebroplasty appears 
to lessen the chance that pain will be successfully 
ameliorated.

Odontoid fractures (also known as dens frac-
tures) occur at the C2 vertebral level. They are 
very common in the elderly (19). Some surgical 
techniques, such as odontoid screw fi xation, have 
a high failure rate in patients with remote injuries 
(20). Some authors have considered delayed or 

non-operative treatment as a risk factor for respi-
ratory decline and death in the elderly (21). Others 
have recognized that senile odontoid fractures, 
regardless of treatment method, is associated with 
a 10% mortality risk (22). At the current time, 
there is no consensus of the optimal treatment 
method or timing of surgery.

Bone Healing Is Challenged in 
Osteoporotic Bone

The rate and quality of bone healing in osteopo-
rotic patients is compromised compared to non-
osteoporotic patients. This relationship has been 
demonstrated in a myriad of animal studies. 
Namking-Matthai (23) found femur fractures 
healed at slower rates and with poorer bone 
quality in ovariectomized rats. In a similar study, 
Meyer et al. (24) found the strength of fracture 
callus to be compromised in older, osteoporotic 
rats. Delayed fracture healing and poor rates of 
spinal fusion have been clinically observed in 
osteoporotic and elderly patients (25).

The disadvantaged state of osteoporotic bone 
healing highlights the importance of optimizing 
blood supply to the fracture site. Modern tech-
niques of fracture surgery include delicate han-
dling of the surrounding soft tissues and avoidance 
of extensive periosteal stripping to expose the 
fracture site. This leads to less devitalization of the 
bone’s blood supply and improves its healing 
potential.

Stabilization maneuvers that preserve the soft-
tissue envelope surrounding a fracture are pre-
ferred. Intramedullary nails are an excellent 
example. They are inserted into the bone at a dis-
tance from the fracture site. They allow fracture 
reduction and stabilization without exposing the 
fracture itself. Percutaneous plating techniques 
also avoid direct exposure the fracture site. The 
plates are inserted in a subcutaneous manner, 
which are then stabilized percutaneously by 
locking screws (Figure 13.3A–D).

Biological Solutions

Adjunctive methods of promoting fracture healing 
and spinal fusion are rapidly advancing. These 
include growth factors that are introduced in or 
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A
B

C D

FIGURE 13.3. If closed reduction can be achieved, less invasive 
methods of plate fixation can be used in osteoporotic and elderly 
patients. In contrast to formal open fixation, these methods utilize 
smaller incision (arrow) in the skin through which a plate is intro-

duced under the muscle (A). The plate is then slid along the peri-
osteal surface (B) until it is in an acceptable position (C). The plate 
is then held in place with screws that are inserted in a percutane-
ous manner using specialized alignment guides (D).

around a fracture or spinal fusion site. The active 
components of these compounds are select human 
proteins that have been replicated by recombi-
nant DNA technology. They are generally known 
as BMPs. At the time of this writing, there are two 
BMPs commercially available, which are BMP-7 
(trade name is OP-1 from Stryker, Allendale, NJ) 

and BMP-2 (trade name is Infuse from Medtronic 
Sofamor-Danek, Memphis, TN).

BMPs have had demonstrable positive effects 
on fracture healing in an array of animal models. 
More importantly, they have shown higher rates 
of solid union when used for open tibia fractures 
and established tibial non-unions (7,8). Although 
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some animal data suggests that BMPs can aid in 
bone healing (26), these benefi cial effects have not 
been established in humans. However, many sur-
geons use BMPs in a so-called off-label manner 
for fracture healing enhancement.

The effects of these compounds in spinal fusion 
have been extensively investigated (9,27–32). In 
some cases, they may be a viable alternative to 
autogenous iliac crest bone graft, the current gold 
standard material to produce spinal fusion. For 
example, BMP-2 placed on a collagen sponge 
inserted in a metallic cage for anterior lumbar 
interbody fusion has resulted in nearly a 100% 
fusion rate (33). However, posterolateral lumbar 
fusion is more commonly performed in the elderly 
population. This type of fusion is markedly more 
challenged than anterior lumbar fusions, with 
rates typically ranging from 60–85% (34). With 
the addition of BMP to autograft bone, fusion 
rates have been approximately 70% (29). As a 
stand-alone material, BMPs have had varying 
results in human posterolateral fusion, with rates 
ranging from 55–100% (30,31). To date, there are 
no clinical data denoting if the use of BMPs can 
overcome the inhibitory effects of osteoporosis on 
spinal fusion.

Recent animal data has suggested that some 
pharamacological agents used to treat osteoporo-
sis may also have a positive effect on fracture 
healing. The best example of this is parathyroid 
hormone (PTH). In high doses, PTH seems to 
enhance fracture healing in rats (35); however, the 
safety of such a high-dose regimen in humans is 
unknown. Even so, the role of PTH on bone 
healing in osteoporotic animals has yet to be 
determined. Other anti-osteoporotic agents, such 
as alendronate, have demonstrated clear inhibi-
tory effects on spinal fusion healing (36,37) but 
not fracture healing (38,39).

Electrical Stimulation

There is confl icting evidence concerning the effi -
cacy of electrical stimulation on spinal fusion or 
fracture healing. In a recent systematic review, 
Resnick et al. (40) found no consistent evidence 
to support or contest the use of electrical stimula-
tion devices to enhance spinal fusion. The use of 
stimulators seems to be more encouraging in 
extremity fractures, particularly tibia fractures 

(41,42). Perhaps this is because the targeted bone 
is more subcutaneous, making it closer to the 
stimulation device in comparison to spinal fusion 
in which the targeted bone is much deeper. Not-
withstanding these observations, there are no 
data, concerning the effi cacy of electrical stimula-
tion to enhance spinal fusion or fracture healing 
in the elderly or osteoporotic population.

Bone Fractures Differently in the 
Elderly Osteoporotic Person

Fundamentally, osteoporotic fractures (also known 
as fragility fractures) occur with low-energy mech-
anisms. This is in contrast to young, healthy bone, 
which requires a substantial amount of energy to 
cause it to fail. This is evident epidemiologically in 
that fractures in young patients occur most com-
monly from high-speed motor vehicle accidents, 
falls, and sporting injuries, whereas fractures in 
the elderly are more typically falls from standing 
or tripping. This difference infl uences the nature 
of fractures sustained in these two groups.

Beyond the mechanism of injury, the manner 
in which the bone fails also differs. Some of the 
most striking examples are tibial plateau fractures 
of the knee. In younger patients, fractures occur 
from abrupt forces delivered from the distal 
femoral condyles to the articular surface of the 
proximal tibia. These forces tend to shear a portion 
of the bone from the shaft or metaphysis. In the 
elderly, it is more typical to see a so-called articu-
lar depression fractures. The distal femoral con-
dyles push into the proximal tibial, as they do in 
the younger patients, but the bone fails by crush-
ing or compacting the cancellous bone beneath 
the articular surface (Figure 13.4). However, these 
“pure” examples are rare, with most injuries 
exhibiting varying proportions of depression and 
shear failure. The mechanism of injury for spinal 
fractures is also different in elderly and osteopo-
rotic patients. Young vertebral bodies can sustain 
tremendous axial compressive loads. This can be 
likened to standing on top of an unopened can of 
soda. Provided one had excellent balance, one 
could support his or her weight on the can, which 
represents a normal, healthy vertebra. If the 
soda can was emptied, the same maneuver would 
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result in the can being crushed. In fact, it may 
take much less than one’s body weight to crush 
the can, which represents an osteoporotic verte-
bral body.

The morphology of fractures is different in 
the elderly as well. Osteoporotic fractures in the 
lumbar spine tend to have a so-called bow-tie 
appearance, in which the central portions of 
the bone are depressed (Figure 13.5). Compres-
sion fractures in the thoracic spine tend to be 
wedge-type fractures, likely because of the 
angular forces they sustain from pronounced 
kyphosis in older individuals. This trend has not 
been appreciated in normal, non-osteoporotic 
thoracolumbar fractures. Bursting-type fractures 
(in which the posterior vertebral body has been 
pushed into the spinal canal) are quite common 
in young patients, though fairly rare in older 
individuals.

FIGURE 13.4. Anteroposterior radiograph of an osteoporotic 
depression fracture in an elderly patient.

Specific Injuries and Treatment in the 
Elderly Patient

Hip Fractures

Hip fractures can be classifi ed according to 
anatomic region. Femoral neck fractures occur 
within the confi nes of the hip capsule (Figure 13.6). 
The blood vessels that supply the femoral head and 
neck are also intracapsular and lie directly on the 
bone. Fracture displacement easily disrupts these 
vessels. Small amounts of displacement usually do 
not cause a vascular insult, so that minimally dis-
placed fractures have a good chance of healing 
with appropriate internal fi xation. Grossly dis-

FIGURE 13.5. Wedge fractures are more common in the thoracic 
spine (small arrow), whereas central depression fractures are more 
frequent in the lumbar spine (large arrow). These patterns are likely 
the result of the mechanical alignment of the spine in these regions.
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more, they preserve the soft tissue envelope sur-
rounding the fracture site. High-rates of union 
have been achieved using internal fi xation of non- 
or minimally displaced femoral neck fractures.

The treatment of displaced femoral neck frac-
tures is more controversial. Options include 
reduction and internal fi xation or prosthetic 
replacement. The advantage of reduction and 
internal fi xation is that it can be performed 
through a limited incision with minimal blood 
loss. The major disadvantage is that, despite an 
anatomic reduction and stable fi xation, the frac-
ture may not heal. This can lead to signifi cant 
pain, morbidity, and the necessity of additional 
surgery. Prosthetic replacement eliminates these 
concerns. However, it is a more extensive proce-
dure with its own set of complications such as 
dislocation, loosening, and infection.

The current literature suggests that prosthetic 
replacement has advantages in the treatment 
of displaced femoral neck fractures in elderly 
individuals (Figure 13.8). It results in a lower 

FIGURE 13.6. Femoral neck fractures occur within the hip capsule, 
which often disrupts the blood supply with substantial amounts of 
displacement.

placed fractures have a risk of non-union, as the 
blood vessels are usually disrupted. This leads to 
an insuffi cient blood supply to the fracture site. 
Furthermore, disruption of the vessels can lead to 
avascular necrosis of the femoral head. In elderly 
patients, it may be preferable to replace the injured 
bone rather than attempt to fi x it.

Non-displaced or impacted fractures are treated 
with internal fi xation. This is best achieved using 
multiple screws placed parallel to and within the 
femoral neck (Figure 13.7). Using a lag-type screw 
design, compression is created at the bone ends, 
which increases stability and promotes union. 
This procedure is minimally invasive, as the screws 
can be placed through percutaneous, stab-wound 
incisions, which incur little blood loss. Further-

FIGURE 13.7. Femoral neck fractures that can be adequately 
reduced and have a reasonably good likelihood of healing can be 
fixed with three lag screws.

FIGURE 13.8. Displaced fractures have a poor likelihood of healing 
and are better treated by hemiarthroplasty replacement.
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re-operation rate and better long-term hip func-
tion (43,44). A recent randomized prospective 
study in healthy elderly patients showed that 
arthroplasty was more cost-effective than primary 
fi xation of hip fractures (45). Furthermore, this 
group demonstrated signifi cantly better func-
tional outcomes in those who underwent a total 
hip replacement (includes replacement of the hip 
socket) than those who underwent a hemiarthro-
plasty (replacement of the proximal femur only) 
(45). These advantages must be considered in 
light of the pre-operative mental and functional 
level of the patient. Some studies have shown 
fewer complications with internal fi xation versus 
hemiarthroplasty in non-ambulatory patients 
who have severe mental disorders (43,44).

Intertrochanteric fractures occur within the 
broad cancellous region between the greater tro-
chanter and the lesser trochanter (Figure 13.9). 

FIGURE 13.9. Intertrochanteric fractures lies outside the hip 
capsule and therefore have a good chance of healing. Reduction 
and internal fixation is usually successful.

These fractures are extracapsular. Displacement 
does not compromise the blood supply to the 
fracture site and therefore they have a much 
higher rate of healing than femoral neck fractures. 
Unfortunately, they are more prone to deformity, 
such as varus angulation and shortening. The 
treatment of intertrochanteric fractures is less 
controversial. Most surgeons agree that early 
internal fi xation is optimal. However, what is not 
clear is the optimal device with which to repair 
these fractures.

Various methods of internal fi xation are 
available including dynamic sliding hip screws 
(Figure 13.10) and intramedullary nail devices 
(Figure 13.11). Intramedullary devices have 
clear advantages for long bone injuries such 
as femur and tibia fractures and have replaced 

FIGURE 13.10. Stabilization of intertrochanteric fracture with a 
dynamic hip screw and plate (DHS).



172 C.M. Bono and T. Bhattacharyya

FIGURE 13.11. Stabilization of intertrochanteric fracture with an intramedullary hip screw.

plates and screws as the treatment of choice. 
A similar advantage of intramedullary devices 
over plate devices for hip fractures has not been 
as clearly shown. Some authors have found them 
to be reasonable alternatives, though complica-
tion rates might be higher (46). Others (47) 
have found no difference in complication rates 
when compared to sliding hip screws, though it 
may offer advantages for particularly unstable 
fractures.

Thoracic and Lumbar Fractures

The most common vertebral injury in patients 
with osteoporosis is a thoracic or lumbar com-
pression fracture. This injury can occur with very 
low energy mechanisms, such as picking up a bag 
of groceries, coughing, or sneezing. Pain can be 
acute in onset or insidious. Pain can resolve rather 
quickly or persist for long periods of time, with 
no reliable means of predicting which will occur.

The thoracolumbar spine is the most com-
monly involved region (T12–L1). Fractures can 
lead to pain, deformity (such as kyphosis or 
kyphoscoliosis), pulmonary compromise, and 
early gastrointestinal satiety (48,49). Osteoporotic 
compression fractures can signifi cantly diminish 
a patient’s overall quality of life and ability to 
perform normal everyday activities.

Vertebroplasty was fi rst introduced in Europe 
in the 1980s (17). The technique involves 
percutaneous injection of PMMA into a frac-
tured vertebral body. Vertebroplasty was intro-
duced to the United States in the mid-1990s. 
With this, a variation of vertebroplasty was 
developed known as kyphoplasty (18). Though 
similar in principle, kyphoplasty involves the 
additional insertion of various tools, including 
an infl atable bone tamp, which is intended to 
create a cavity in the vertebral body in which 
cement is inserted. An additional goal of the 
tamp is to restore the height of the compressed 



13. Fracture Care in the Elderly 173

vertebra before insertion of cement (Figure 
13.12).

The balloon tamp seems to have two main 
advantages. First, it offers the possibility of revers-
ing vertebral compression height loss and kypho-
sis in some patients. This appears to be infl uenced 
by the acuity of the fracture, with older fractures 
exhibiting little correction in comparison to newer 
ones. Recent data has failed to show any clinical 
advantages of height restoration in terms of pain 
relief or functional outcomes. These shortcom-
ings are dwarfed by the second, and perhaps more 
important advantage of cavity creation. High-
pressure injections with vertebroplasty have lead 
to high rates of cement extrusion (between 20–
70%). Creating a cavity for the PMMA placement, 
as is performed with kyphoplasty, has resulted in 
lower rates of cement extrusion (averaging 
approximately 9%) (16,18,50). As cement extru-
sion can be associated with devastating complica-

FIGURE 13.12. With kyphoplasty, a balloon tamp is first inserted 
into the fractured bone. It is inflated until a bone void is created 
and/or reduction of the fracture is achieved (top row). The balloon 

is then deflated and bone cement is inserted to fill the void and 
maintain reduction and stabilization of the fracture.

tions such as pulmonary emboli, respiratory 
distress, and neural defi cit, techniques to lessen 
this occurrence become increasingly important. 
Vertebroplasty proponents contend that the vast 
majority of cases of cement extrusion are clini-
cally asymptomatic; kyphoplasty proponents 
denounce this philosophy as a game of Russian 
roulette. The disagreement is the fuel for ongoing 
debate between the two groups.

There is no consensus regarding the optimal 
time to augment osteoporotic vertebral compres-
sion fractures. One approach is to endure a period 
of 4–6 weeks of conservative treatment after the 
injury is sustained. This treatment can include 
bracing, rehabilitative therapy, and pharmaco-
logical pain management.

The main indication for vertebral augmenta-
tion is persistent pain from an unhealed osteopo-
rotic compression fractures. This is noted best by 
increased bone edema recognized on T1-weighted 
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or short time inversion recovery (STIR) magnetic 
resonance images (MRIs), or selective uptake on 
a bone scan. In the author’s experience, patients 
with fractures as old as 1–2 years can still have 
dramatic pain relief, provided the image studies 
are positive. Progressive painless collapse, docu-
mented radiographically, is an indication for 
kyphoplasty because of its unique ability to 
restore vertebral height. Local spine infection 
(i.e., active osteomyelitis) and unreversible coag-
ulopathy are relative contra-indications to both 
procedures.

Outcomes of vertebroplasty and kyphoplasty 
are among the best for any spine procedure. Rates 
of pain relief are reportedly between 90–100%. 
A recent study of patients undergoing kypho-
plasty, stabilization of the fractures lead to 
signifi cant functional improvements (50). In a 
large multi-center study, kyphoplasty enabled 
reliable restoration of vertebral body height if 
performed within 3 months of the injury (18). 
Other reports have been more modest, reporting 
only 50–60% height restoration (50). Vertebro-
plasty, while providing lasting pain relief, has 
not reliably demonstrated the ability to restore 
height (16), though the rates of functional 
improvement, longstanding pain relief, and com-
plications are comparable to the most favorable 
reports of kyphoplasty.

It is important to note there are no randomized 
controlled trials of vertebroplasty or kyphoplasty 
compared to conservative care in the literature. 
However, there are a number of uncontrolled, 
prospective cohort studies that have made these 
comparisons. In a prospective, non-randomized 
comparison, Diamond et al. (51) found signifi -
cantly better pain relief at 6 weeks with vertebro-
plasty compared to conservative care; there was 
no statistical difference at 6-months and 1-year 
follow-up. In a similar study of kyphoplasty, 
Kasperk (52) found that visual analog pain scores 
were better in patients who underwent kypho-
plasty than conservative treatment for compres-
sion fractures that were at least 1 year old. In 
arguably the best current evidence concerning the 
effi cacy of vertebroplasty, Alvarez et al. (53) com-
pared 101 patients who underwent vetebroplasty 
versus 27 patients who were offered the procedure 
but refused. There were signifi cantly better 
improvements in pain, function, and general 

health scores at 3-months follow-up; however, at 
6-months and 1-year follow-up, these differences 
were no longer statistically signifi cant. From these 
data, one can conclude that vertebral augmenta-
tion provides ealier improvements than conserva-
tive care in those with osteoporotic compression 
fractures.

It has been suggested that augmenting a verte-
bral body with cement could lead to increased 
stresses at adjacent osteoporotic vertebrae and 
thus adjacent level fractures. Though fractures 
adjacent to an augmented level undeniably occur, 
it is not clear if these fractures are a sequelae of 
the procedure or the natural history of the disease. 
Rates of adjacent level fractures after kyphoplasty/
vertebroplasty seem to be comparable to the rate 
of new fractures documented in so-called conser-
vatively treated patients. In a frequently cited 
study, Lindsay et al. (54) found an 11.5% inci-
dence of a subsequent fracture in 1 year. A com-
parable number (11.25%) was reported by Harrop 
et al. (55) after kyphoplasty for primary osteopo-
rosis. In the recent series by Alvarez et al. (53), 
conservatively treated patients had a new fracture 
rate of 30% compared to an 11% rate after 
kyphoplasty. In the least, these data suggest that 
subsequent fracture are not uncommon, but that 
vertebral augmentation does not appreciably 
increased their occurrence.

Senile burst fractures can also occur in the 
osteoporotic spine, though they are much less 
common than compression fractures. They occur 
almost exclusively in the T12 or L1 vertebrae 
(Figure 13.13) (56). In contrast to simple com-
pression fractures, burst fractures by defi nition 
have retropulsion of posterior vertebral body 
fragments into the spinal canal. This results in 
canal compromise that, if severe enough, can 
compress the spinal cord or cauda equina and 
result in neurologic defi cit (57–59). Treatment 
with vertebroplasty or kyphoplasty is contra-
indicated in this situation.

Open surgical treatment, including anterior 
decompression by removing the offending bony 
fragments, is indicated for severe cases. After sub-
total vertebrectomy, the missing bone is replaced 
with a strut composed of autograft or allograft 
bone, or a cylindrical titanium mesh cage fi lled 
with morcelized bone graft. The graft or cage 
should have as broad a surface as possible to 
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and fusion is also performed in a staged manner 
to provide additional stability and increase the 
chance for solid bone healing. As the morbidity 
of such an operation is considerable, it should 
be reserved for patients with neurological com-
promise or intractable pain from progressive 
deformity.

Odontoid (C2) Fractures

Odontoid (or dens) fractures are common in the 
elderly population. The usual mechanism of injury 
is a fall forward where the patient’s forehead 
strikes the ground or piece of furniture. This pro-
duces an extension moment on the upper cervical 
spine that places forces at the so-called waist of 
the odontoid process (Figure 13.14). With this 
mechanism, fractures are almost always posteri-
orly displaced; this is in contrast to fractures in 
younger persons, in which displacement is usually 
anterior. A bimodal distribution of odontoid 
fractures in young and older people has long been 
recognized. Because the ratio of the spinal canal 
diameter to the spinal cord diameter is approxi-
mately three to one in this region, even large 
amounts of displacement do not cause signifi cant 
neural compression. Thus, neurologic defi cits are 
infrequent.

FIGURE 13.13. A senile burst fracture (bottom, T12) can be distin-
guished from a simple compression fracture (top, T11) by the pres-
ence of posteriorly displaced vertebral body fragments that can 
impinge upon the spinal cord or cauda equina.

evenly disperse forces to the vertebral endplates. 
It is generally recommended to stabilize the ver-
tebral bodies with anterior instrumentation, such 
as plates and screws. Posterior instrumentation 

FIGURE 13.14. Odontoid fractures are common in the elderly 
(left), often presenting with posterior displacement, as the 
mechanism is usually falling forward causing a blow to the 

forehead of face. In some cases, stabilization is recommended, 
which usually involves a posterior C1-C2 fusion with instrumenta-
tion (right).
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There are sharp and wide differences in phi-
losophies of the optimal treatment of odontoid 
fractures in older patients. There are some who 
support that all fractures should be operatively 
stabilized, provided the patient can safely tolerate 
a surgery. There are others who feel that non-
operative management is the initial treatment of 
choice, reserving operative fi xation for those with 
neurological defi cits.

Non-operative treatment can include applica-
tion of a soft collar, hard collar, or halo fi xator 
device. Recent data has indicated a high rate 
of failure and complications (including death) 
with the use of halo fi xators in older patients. 
Because of this, most surgeons elect to use 
a soft or hard collar as a means of non-
operative treatment. Although halo fi xation can 
better align fractures, collars act simply to provide 
immobilization.

Surgical treatment may be best reserved for 
those patients with active lifestyles, substantial 
displacement, or associated neural defi cit. Oper-
ative stabilization can include an anterior 
odontoid screw or posterior C1-C2 fusion. Both 
have their own advantages and disadvantages. 
Because of the rate of odontoid screw pull-out 
in soft-osteoporotic bone, performance of a 
posterior fusion with instrumentation may be 
preferred.

Distal Radius Fractures

Distal radius fractures are another common injury 
in elderly patients. The most common mechanism 
of injury is force on an outstretched hand, a 
maneuver that is frequent when an older person 
attempts to break a fall after tripping on a loose 
rug or electrical cord. The soft metaphyseal bone 
of the distal radius fails under this impact. Along 
the osteoporosis time line, fractures of the distal 
radius occur earlier than hip fractures. They 
should be interpreted as an indicator of signifi -
cant bone loss and a warning sign that a hip frac-
ture may be imminent. Compared with the general 
population, patients who have sustained an osteo-
porotic distal radius fracture are at twice the risk 
for a subsequent hip fracture (60).

As with most orthopedic injuries, various treat-
ment options exist. Decision-making is infl uenced 
by fracture pattern and location and the patient’s 

functional demands. Non-displaced fractures 
should be treated in a well-molded cast for 
approximately 6 weeks. Longer periods of immo-
bilization can lead to worsened osteopenia and 
wrist stiffness.

Fractures of the metaphysis of the distal radius 
are common. Typically, the distal fragment tilts 
into extension. Small amounts of angulation may 
be acceptable. However, greater degrees of tilt are 
indications for closed reduction. Closed reduction 
relies on forces placed on the bone through the 
skin. As the skin in elderly patients can be quite 
fragile, care must be taken not to deglove the 
region. Gentle reduction maneuvers also decrease 
the chance for worsening the comminution at the 
fracture site. With small amounts of comminu-
tion, the fracture can be held in an acceptable 
position using a cast. With more comminution, a 
cast may allow re-displacement. In these injuries, 
it is preferable to maintain the alignment using a 
fi xation device. Traditionally, this is accomplished 
with either an external fi xator or a plate. These 
devices derive their stability from screw-thread 
purchase. In osteoporotic bone this can be subop-
timal, which may lead to construct failure. Surgery 
is reserved for patients who have substantially 
displaced fractures and for active patients in 
whom wrist function is vital to maintain their 
independence.

Low profi le plates with fi xed angle capabilities 
have been developed for the distal radius specifi -
cally to address poor fi xation issues in osteopo-
rotic bone (61). Conceptually, the plates act as a 
mini-blade plate that supports the fracture 
through the dense bone directly underneath the 
articular surface. Variations of these devices have 
been developed for both the dorsal and volar 
surface of the radius. A common feature is that 
the screws lock to the plate, which has advantages 
in osteoporotic bone. Although they can be quite 
effective, proper use is technically demanding. 
Use of these devices requires gentle technique to 
avoid further damage to the bone.

Injectable bone cements such as Norian SRS 
have been developed to aid in the treatment of 
osteoporotic distal radius fractures, as they may 
offer mechanical support to stably reduced frac-
tures. Though not a replacement for surgery, this 
technique can be used as an adjunct to cast treat-
ment. In one randomized prospective series, 
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better wrist function was noted using Norian SRS 
bone cement when compared with cast treatment 
alone (62). Importantly, use of the bone cement 
reduces the time in the cast to 2 weeks versus 6 
weeks. It does not appear to affect maintenance of 
the initial reduction.

There have been a number of recent studies 
analyzing the treatment outcomes of distal radius 
fractures in the elderly. Hegeman et al. (63) found 
external fi xation to be adequate in small series of 
patients. Though the rate of malunion was high, 
indicating that the fractures healed in an unac-
ceptable position, the functional outcomes were 
acceptable. In contrast, a randomized controlled 
study (64) showed no malunions with external 
fi xation compared to cast treatment in elderly 
patients.

Tibial Plateau Fractures

Proximal tibia fractures can occur in the bone 
supporting the knee. When they involve the artic-
ular surface of the knee joint, they are referred to 
as tibial plateu fractures. In osteoporotic patients, 
it is common to see an isolated portion of the 
articular surface pushed down (i.e., depressed) 
into the soft cancellous metaphysis of the proxi-
mal tibia. This produces an incongruent articular 
surface, which can lead to painful arthritis later 
on. Minor tibial plateau fractures have recently 
been recognized as a cause of occult knee pain in 
elderly persons (65,66).

Fixation of tibial plateau fractures relies on res-
toration of the joint surface. With large fragments, 
open reduction and screw fi xation is preferred 
(Figure 13.15). When only a portion of the joint 
surface is depressed, the reduction can be per-
formed through a less invasive approach. A small 
window can be made in the cortex along the prox-
imal shaft. A bone tamp can then be inserted 
underneath the articular fragment to push it back 
into place. Bone graft can be packed to support 
the reduction, and screws introduced using a per-
cutaneous approach may be inserted to strengthen 
the repair.

In the proximal tibia, compression of the osteo-
porotic cancellous bone can lead to large voids or 
gaps. Despite anatomic or near anatomic reduc-
tion of the main fragments, these gaps can persist. 
They may be fi lled with bone graft or bone cement, 

FIGURE 13.15. Anteroposterior radiograph of a tibial plateau frac-
ture treated with a plate and screw construct.

known as PMMA. PMMA can be inserted as a 
viscous liquid so that it assumes the exact shape 
of the void or gap. It quickly hardens to provide 
stable support to the surrounding bone. The dis-
advantage of PMMA is its non-resorbability, 
which can result in a rim of tissue reaction or lysis 
around its borders. This can compromise fi xation, 
and may increase the risk for infection. PMMA 
can also be used to improve the fi xation of screws 
in osteopenic bone. Similarly, it is injected in a 
liquid state into the screw hole. The screw is then 
inserted and the cement is allowed to harden 
around it, creating a strong bond between the 
bone and metal. Despite these techniques, 
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fracture fi xation in the elderly is still substantially 
challenged. One study demonstrated that internal 
fi xation of tibial plateau fractures in elderly 
patients (older than 60 years) is associated with a 
79% failure rate compared to a 7% in younger 
patients (67).

The Less Invasive Stabilization System (LISS) 
has been recently developed. It enables better fi xa-
tion in osteoporotic bone using a minimally inva-
sive approach. Plates are inserted through a small 
slit-like incision along the lateral and distal part of 
the knee. The plate is then guided along the cortex 
without actually opening the skin or dissecting the 
muscle overlaying the bone. Using a special guide, 
screws are inserted into the plate through stab-
wound incisions. In contrast to standard plates in 
which the screw is able to toggle within its hole, 
the screws of the LISS plate have threads around 
their heads that lock them into the plate. Thus, 
every screw derives its stability not only from pur-
chase within the bone but also from its fi xation to 
the plate. Promising results using this device in 
osteoporotic bone have been reported (68).

Conclusions

Fractures in elderly patients exhibit a number of 
unique treatment challenges. Although recent 
advancements in invasive treatment methods 
such as vertebroplasty, kyphoplasty, intramedul-
lary devices, and BMPs have promised improved 
fracture care, future efforts in osteoporosis pre-
vention, treatment, and fracture prevention may 
prove more impactful in improving the elderly 
population’s quality of life.
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