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ix

The “osteoporosis” field is changing: historically being focused on the bone, 
but now evolving to focus on fracture risk. Such change is essential as fragil-
ity fractures are common and may have devastating consequences on quantity 
and quality of life. Indeed, loss of independence is a major concern of older 
adults, which fractures directly threaten. It is unsurprising that geriatricians 
are among the first to recognize that fragility fractures are not simply due to 
a bone disease (i.e., osteoporosis) but rather are a multifactorial geriatric syn-
drome resulting from low bone and low muscle mass and strength in concert 
with other factors that increase falls and fracture risk, e.g., diabetes, obesity, 
polypharmacy, osteoarthritis, neuropathy, and impaired vision, among others. 
It is thus appropriate that Duque and Kiel entitle this version of Osteoporosis 
in Older Persons as “Advances…” They have assembled an international 
cadre of experts to help us advance our approach to reducing fractures among 
the increasing numbers of older adults.

While focus on the ultimate outcome is a clinical necessity, study of the 
whole requires understanding of the various parts. As such, this concise work 
provides the reader with essential background understanding of bone biology, 
physiology, and genetics and overviews the animal models that have facili-
tated today’s understanding. The importance of sarcopenia and the interre-
lated nature of bone and muscle are highlighted on the basic and clinical 
levels. The recognition that bone and muscle and critically linked, and that 
their joint weakness contribute to the nearly exponential increase in fracture 
risk with age (while clearly not a new concept) is essential. One could easily 
argue that the increasing recognition of sarcopenia is driving the revolution in 
osteoporosis understanding and ultimately in fracture risk reduction care. The 
“clinical” section of this work is introduced by just this concept, that osteo-
porosis is part of a geriatric syndrome. Subsequently, current knowledge 
regarding nonpharmacologic and pharmacologic therapy and the critical role 
of the fracture liaison service model are considered.

This work compiles a roadmap for the future of fracture risk reduction in 
older adults. To summarize, it reminds us of the obvious: that “osteoporosis-
related” fractures are not solely the result of osteoporosis, but rather the result 
of a complex geriatric syndrome with multiple inputs. Reducing fracture risk, 
and thereby maintaining independence and quality of life, requires focus on 
the whole, not simply the parts. While this approach is certainly the future of 
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“osteoporosis” care, there is no reason that today’s knowledge cannot or 
should not be applied now. Indeed, to quote Pope John Paul II, “The future 
starts today, not tomorrow.”

Madison, WI, USA Neil Binkley, MD
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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 consequences. 
Osteoporosis is a common disease in older persons with significant impact on 
their functionality and quality of life. Additionally, osteoporotic fractures 
represent an important burden to health-care budgets around the world.

Since the first description by Riggs et al. of a particular syndrome known 
as “senile osteoporosis,” there has been a common agreement that there is a 
type of osteoporosis closely associated with the aging process that occurs 
both in men and women, and that is usually independent of serum levels of 
hormones. Indeed, recent advances in the understanding of bone biology and 
the genetics of the aging process have provided new evidence on age-related 
osteoporosis as a particular geriatric syndrome with specific pathophysiol-
ogy, epidemiology, and treatment. In addition, new evidence showing a strong 
interaction between muscle and bone has demonstrated that age-related 
changes in one tissue would affect the other and vice versa.

The first edition of Osteoporosis in Older Persons: Advances in 
Pathophysiology and Therapeutic Approach was extremely successful in 
establishing the basis to understand the mechanisms of age-related osteopo-
rosis from a bench-to-bedside perspective. Clinicians, researchers, and allied 
health professionals found in its chapters the most complete and up-to-date 
information on how to understand, assess, and treat osteoporosis in older per-
sons. In this second edition, we are still following our bench-to-bedside 
approach as the stronger and unique characteristic of this project. Following 
the new evidence on the pathophysiology of falls and fractures in older per-
sons, we have included a new chapter on the muscle and bone interface. From 
the clinical point of view, we have added new chapters on orthogeriatrics and 
fracture liaison services, which have significantly improved fracture care to 
older persons around the world.

From the bench side, we have focused the basic sciences chapters on the 
shift in the differentiation of mesenchymal stem cells in the bone marrow 
from predominant osteoblastogenesis in the young bone to increasing adipo-
genesis in the old bone. This process is independent of estrogen levels as 
demonstrated by increasing bone marrow adipogenesis in estrogen receptors 
knockout mice. In fact, the increasing levels of bone marrow adipogenesis 
starts in humans even when normal serum levels of estrogens are present in 
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the third and fourth decade of life, suggesting that this is an age-related pro-
cess independent of sex hormones. In this book, the chapters dedicated to 
bone biology also illustrate the particular cellular and molecular features of 
osteoporosis in older persons from animal models to human biology. 
Additionally, the authors look at the potential role that hormones, both calcio-
tropic and sexual, may play in the pathophysiology of this syndrome.

Concerning the predominant fractures seen in older adults, the chapters 
on epidemiology take a broad approach to explaining the incidence of osteo-
porotic fractures in the elderly. In fact, hip fractures are the predominant 
fracture after the seventh decade of life. This type of fracture correlates with 
the pathophysiology of osteoporosis since the vitality of the femoral neck 
area is mostly dependant on osteoblast activity, which is severely affected by 
the aging process in bone. By contrast, the incidence of fractures due to 
increasing osteoclastic activity, a typical feature of postmenopausal osteopo-
rosis, decreases in the older population. These differences in the incidence 
and type of osteoporotic fractures in older persons may in part be related to 
genetic factors. The chapter on the genetics of osteoporosis focuses on the 
identification of the genes that are directly associated with osteoporosis in 
older adults, a field that has shown major advances since the first edition of 
this textbook.

A new feature of this edition is the inclusion of a new chapter on muscle 
and bone. Recent studies have concluded that the bone/muscle relationship 
goes beyond simple mechanical interaction. The identification of muscle- and 
bone-secreted factors, which affect both of these tissues, has revealed multi-
ple pathophysiological and therapeutic implications that are clearly described 
in the chapter.

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 treat-
ment is increasing. This lack of attention to fracture prevention is probably 
due to a combination of factors that include ageism, lack of evidence of the 
effectiveness of the treatment in old patients, and the preponderance of osteo-
porosis treatments directed at the regulation of osteoclastic activity that, 
although effective in geriatric populations, do not target bone formation, 
which is significantly reduced 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 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, as is true of 
most pharmacologic agents, older individuals with comorbidities have not 
been included in the treatment trials that led to approval of the treatment. 
This makes it difficult for providers to have confidence in their efficacy. 
Furthermore, in some cases, treatment effectiveness in older persons is 
doubtful since most of the therapeutic agents regulate bone resorption 
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without increasing bone formation; third, the optimal therapeutic agent for 
osteoporosis in older individuals that decreases bone resorption while 
increasing bone formation has not been developed. In their conclusion, the 
authors state that the optimal therapeutic agent for osteoporosis in the old-
old does not exist yet and that more research should be pursued in order to 
find the right approach to the particular features of osteoporosis in older 
individuals.

To reflect the most recent health-care system approaches to fracture pre-
vention, we have included a new chapter on fracture liaison services (FLS), 
which support the notion that osteoporosis in older persons should be actively 
diagnosed and treated. FLS are the recommended approach to reduce fracture 
risk, establish a good communication between patients and their clinicians, 
and increase awareness of the importance of this disease that, although 
asymptomatic, has a significant impact in terms of morbidity and mortality in 
our older populations.

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 very few osteoporosis clinics con-
sidered the importance of fall prevention as a pivotal intervention 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 initiation of preventive mea-
sures. 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 shown to be 
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. Furthermore, since falls result from the interaction 
between multiple factors, non-pharmacological interventions are also consid-
ered in this book. In fact, we have dedicated a whole chapter to a review of 
the evidence on the effectiveness of non-pharmacological interventions for 
fall prevention.

Finally, we wanted to include two chapters on the surgical interventions 
for osteoporotic fractures. The new chapter on orthogeriatrics describes the 
most effective and evidence-based interventions to obtain the best possible 
outcomes in older patients undergoing surgery after hip fractures. This chap-
ter is complemented by a comprehensive review of specific surgical interven-
tions and techniques for osteoporotic fractures of the hip. This interesting 
description of surgical techniques using a simple terminology will help the 
clinician to interact with their surgical colleagues when treating old patients 
with osteoporotic fractures. Using outstanding illustrations, the authors 
explain in detail the characteristics of fracture stabilization in the hip and the 
particular challenges the surgeon faces when treating fractures in very old 
patients. Additionally, a review of the potential alternatives for surgical treat-
ment of vertebral fractures was included.
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In summary, this textbook has brought together experts in the field of 
osteoporosis in elderly persons from four continents. Our second edition has 
exceeded the first one in terms of new content, more evidence-based recom-
mendations, and many practical tips and illustrations while still maintaining 
our bench-to-bedside particular approach. We have reviewed the evidence 
supporting the notion that osteoporosis in older persons exists as a real geri-
atric syndrome with a particular pathophysiology and treatment. The infor-
mation 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 fea-
tures of this syndrome and the importance of its prevention.

Melbourne, VIC, Australia Gustavo Duque, MD, PhD, FRACP
Boston, MA, USA Douglas P. Kiel, MD, MPH
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      Biology of Bone                     

     Guy     A.     Howard      and     Paul     C.     Schiller     

         Overview 

 Bone is the main component of the skeleton, 
together with connecting tissues including carti-
lage, ligaments and tendons, providing mechani-
cal and structural support for the remaining 
organs and systems in the body. This mechanical 
and structural support 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 preserve the niches which 
maintain immature stem cells. This niche aspect 
of bone is an inadequately recognized function, 
although an essential one, since stem cells are 
required for tissue repair and regeneration during 
adult life. In addition to providing mechanical 

support, bone contains and supports the main 
 reservoir of cells needed to sustain tissue integ-
rity and function throughout our lives. Thus, 
understanding how bone is made and maintained 
during life is central to developing adequate 
strategies to preserve a healthy skeleton as 
we age, so that proper mechanical support, struc-
tural integrity and tissue repair capacity are 
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 
 specifi c 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 aging has on them.  

    Bone Growth and Development 

 The cellular events in bone maintenance, remod-
eling, and repair during adult life have their basis 
in the embryonic development of bone. The ver-
tebrate skeleton, composed of cartilage and bone, 
is derived from cells of three distinct embryonic 
lineages. The craniofacial 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 
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 mesodermal cells [ 1 ]. During vertebrate embryo-
genesis, neural crest-derived mesenchymal cells 
directly differentiate into osteoblasts (bone form-
ing cells; described in detail in next section) 
which will form the bones of the skull, maxilla, 
mandible, and the subperiosteal bone-forming 
layers of long bones. The bones of the skull are 
created as these ossifi cation regions merge. 
Hence, a single bone can be formed from many 
smaller bones that have fused in a process called 
intramembranous ossifi cation. In contrast, bones 
of the vertebral column, pelvis, and upper and 
lower limbs, are formed on an initial hyaline car-
tilage model, generally called an “anlagen”. In 
this process there is an initial aggregation and dif-
ferentiation of mesenchymal cells, followed by 
the proliferation, hypertrophy and death of chon-
drocytes. Bone formation then initiates in the col-
lar surrounding the hypertrophic cartilage core 
that is eventually invaded by blood vessels and 
replaced by bone tissue and bone marrow. This 
process, called endo (within) – chondral (carti-
lage) ossifi cation, is characterized by a defi ned 
series of events. 

 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 by marrow and vascular elements. Bone 
formation is a vascular driven phenomenon, char-
acterized by the directional nature of osteoid 
secretion. Analysis of the cellular and molecular 
events of embryonic osteogenesis, suggest that 
osteogenesis and chondrogenesis are indepen-
dent events that are programmed early in devel-
opment. Many of the molecules involved in 
regulating these processes during development 
continue to play central roles during adult life. 

 The exact mechanism underlying mineraliza-
tion of the osteoid (predominantly a collagen 
matrix) has been debated for decades, although a 
consensus has generally been achieved by work-
ers in the fi eld that the process proceeds through 
extracellular particles called matrix vesicles. It is 
not yet clear how this process works, with 

 theories and data suggesting that mineralization 
is initiated as an intracellular event. That is, min-
eral is fi rst formed within cells (in endosomes), 
not in extracellular particles (matrix vesicles). It 
is suggested that the endosomes may provide 
high concentrations of phosphate and/or calcium 
ions as nucleation sites for mineralization. These 
proposed nucleation sites may be regulated by 
calcium and phosphate concentrations as well as 
by sundry proteins. At some point the endo-
somes are then released as matrix vesicles, 
becoming extracellular sites for mineralization 
of the matrix as anchored exosomes in the oste-
oid. Recent studies suggest that the matrix vesi-
cles may in fact represent structures termed 
exosomes. Although exosomes exist throughout 
a variety of tissues, the likelihood that matrix 
vesicles represent a type of exosome within the 
skeletal milieu has been proposed. Further, it has 
been suggested that some aspects of cell-cell 
communication within the complex structure of 
skeletal tissue may be facilitated by exosomes 
(for review see [ 3 ]). 

 The transcription factor Sox 9 is one of the 
master regulators of chondrogenesis [ 4 ,  5 ]. Sox9 
transcripts are detected in all prechondrogenic 
mesenchymal condensations as early as 8.5–
9.5 days of mouse embryonic development, and 
the expression peaks in cartilage primordia at 
11.5–14.5 days. This transcription factor is 
 central to the regulated expression of the genes 
that defi ne the chondrocytic phenotype and for 
the expression of cartilage-specifi c matrix pro-
teins, including collagen II, IX, and XI, and the 
large proteoglycan aggrecan [ 6 ]. Soon after their 
formation, chondrocytes in the central region of 
the cartilage undergo further maturation to hyper-
trophic chondrocytes, which exit the cell cycle 
and synthesize a different extracellular matrix 
that is distinctly different from that of proliferat-
ing cartilage. Collagen X, a marker for hypertro-
phic chondrocytes, is a distinctive component of 
this matrix [ 7 ]. Angiogenic factors (e.g., vascular 
endothelial growth factor [VEGF]) secreted by 
hypertrophic chondrocytes induce sprouting 
angiogenesis from the perichondrium [ 8 ]. 
Subsequent to vessel formation, bone forming 
osteoblasts, bone resorbing osteoclasts, and 
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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, incom-
ing osteoblasts replace the degraded cartilage 
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 the epiphysis 
and diaphysis. In the growth plate, a coordinated 
sequence of chondrocyte proliferation, hypertro-
phy, and apoptosis results in longitudinal growth 
of long bones during early development; continu-
ing through puberty in most cases. In a coordi-
nated fashion the growth of the epiphyses and 
radial growth of the diaphysis take place 
concurrently. 

 In adults, bone repair proceeds in a fashion 
similar to endochondral ossifi cation. The natural 
healing process involves infi ltration of fi bro-
blasts, an infl ammatory response, cartilage for-
mation, vascularization, osteoblast maturation/
formation, infi ltration by osteoblasts and osteo-
clasts, and matrix remodeling. A more detailed 
description of the mechanisms that regulate bone 
cell differentiation and function will be discussed 
in a section below and in subsequent chapters.  

    Bone Cell Differentiation 

 Bone is dynamic connective tissue composed of 
an elegant assembly of functionally distinct cell 
populations. Their roles are to maintain the struc-
tural, biochemical, and mechanical integrity of 
bone as well as its central role in ion homeostasis, 
a calcium basin, and as a stem cell reservoir. 
Bone is continuously modifi ed and reshaped 
throughout our lifetime by the work of osteo-
blasts (bone forming cells) and osteoclasts (bone 
cells that break down/resorb 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 which supports bone structure and main-
tenance. Quiescent osteoblasts become fl at and 
form a single layer of cells, called lining cells, 
that protects the surface of bone. Osteoblasts and 
osteoclasts originate from distinct cell lineages, 
stromal and hematopoietic (monocyte/macro-
phage), respectively, and the molecular processes 
that lead to their differentiation programs and 
functional development are beginning to be 
understood. 

    Osteoprogenitors, Osteoblasts, 
and Osteocytes 

 Marrow stromal cells (MSCs) can act as precur-
sors to a variety of cell types (osteoblasts, chon-
droblasts, myoblasts, adipocytes, fi broblasts, 
etc.). Under appropriate stimulation, MSCs 
engage in a differentiation program leading to 
the production of osteoprogenitors, which in 
turn, give rise to osteoblasts (Fig.  1.1 ). Upon 
functional maturation, these are the cells respon-
sible for bone matrix deposition during both 
intramembranous and endochondral bone for-
mation. Osteoblastic differentiation involves an 
exquisite interplay of developmental cues, sig-
naling proteins, transcription factors, and their 
co- regulatory proteins that support differentia-
tion (Fig.  1.1 ). This refi ned differentiation pro-
gram is refl ected by the fact that within the 
osteoblastic lineage, subpopulations of cells can 
respond selectively to physiologic signals. 
Experimental evidence indicates that osteo-
blasts from appendicular and axial bone exhibit 
distinct responses to hormonal, mechanical, or 
developmental cues. It remains to be determined 
whether these differences refl ect the inherent 
properties of the selected cells at different stages 
of osteoblastic differentiation or the local, cel-
lular and tissue environments.

   Although it is generally thought that commit-
ted precursor cells are directionally engaged in 
specifi c differentiation programs, accumulating 
data indicates a certain degree of plasticity. 
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Phenotypically, committed cells may dedifferen-
tiate during proliferation and postmitotically 
assume a different phenotype, primarily due to 
effects of the local cellular environment [ 9 ,  10 ]. 
Specifi cally, the local environment may activate 
specifi c mechanisms, such as those involving 
modulation of gap-junctional intercellular com-
munication [ 11 ], that may contribute to pheno-
typic determination. 

 The main function of the osteoblast is to synthe-
size bone matrix. A functionally mature osteoblast 
is characterized by unique morphological and 
ultrastructural characteristics typical of a cell 
engaged in the synthesis and secretion of connec-
tive tissue products. These cells show a large 
nucleus, enlarged Golgi, and an extensive endo-
plasmic reticulum. They express high levels of 
alkaline phosphatase 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 bone lining cells, 
are observed on quiescent bone surfaces. These 
cells underlie the periosteum directly on the miner-
alized surface, as well as forming the endosteum 
separating bone from the marrow cavity. 

 Osteocytes are the terminal differentiation 
stage of cells in the osteoblastic lineage, and 
reportedly make up greater than 90 % of all the 
cells in the skeleton [ 12 ]. Osteocytes sense and 
subsequently mediate responses to support bone 
structure, biomechanical properties and  metabolic 

functions. Unique features distinguishing these 
cells include the fact that they are strategically 
distributed throughout the mineralized bone 
matrix. For many years it was thought that osteo-
cytes were simply osteoblasts that had been 
trapped in the osteoid matrix as bone continued 
to grow. However, more recent studies support 
the hypothesis that osteocytes transition from 
osteoblasts in an active, defi ned process, starting 
with the development of long dendritic processes. 
Although the exact mechanism involved in the 
transition of a single osteoblast into an osteocyte 
is diffi cult to observe with current methods, the 
development of osteocytic cell lines has helped to 
better understand the markers, regulatory factors, 
and function of osteoclasts at least  in vitro. In  
vivo each osteocyte resides within a lacuna and is 
interconnected with other osteocytes and with 
osteoblasts located on the bone surface via count-
less cellular extensions of fi lopodia/dendritic 
processes that run through canaliculai. This 
extensive network of cytoplasmic interconnec-
tions contributes to osteocyte viability and main-
tenance of functional properties, including the 
expression of the protein sclerostin, which is 
involved in negative regulation of bone (for 
review see [ 13 ]). This network of cells is coupled 
molecularly and electrically, predominantly via 
intercellular communication mediated by gap 
junctions [ 14 – 17 ] comprised primarily of the gap-
junction channel protein connexin 43 [ 18 – 22 ]. 

  Fig. 1.1    The osteoblastic differentiation pathway. The 
commitment of primitive stem cells to several lineages 
showing their differentiation potential, with an emphasis 
on the osteoblastic pathway is diagramed. Some key tran-

scription factors involved in establishing each phenotype 
are described ( green ) and the determinants of the osteo-
blastic phenotype Runx2 and Osx are  boxed . Markers 
characteristic of each phenotypic stage are indicated ( red )       
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Connexin43-mediated gap-junctional commu-
nication is essential for osteoblast and osteo-
cyte phenotypic maturation, activity, and 
survival [ 21 ,  23 – 25 ]. Moreover, its inhibition 
may affect phenotypic determination of bone 
cells promoting the development of an adipo-
cytic phenotype [ 11 ]. 

 The primary function of the osteoblast/lining 
cell/osteocyte functional syncytium is considered 
to be mechanosensory (i.e., to sense and trans-
duce stress signals [stretching, bending] to bio-
logical activity). Osteocytes can be longed-lived; 
in human bone that has not undergone remodel-
ing they can survive for decades. However, empty 
lacunae are observed in aged bone, indicating 
that osteocytes can undergo apoptosis, a scenario 
potentially deleterious to bone structure and 
integrity [ 26 ]. Interestingly, estrogens, bisphos-
phonates, and physiologic mechanical loading, 
all anti-osteoporotic regiments, inhibit osteoblast 
and osteocyte apoptosis [ 27 – 29 ]. 

 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 by mediating the temporal 
activation and/or repression of phenotypic genes 
as osteoblasts progress through stages of differ-
entiation and cell growth [ 30 – 32 ]. Runx2 is a 
member of a small transcription factor family 
that shares DNA-binding domains of homology 
with Drosophila Runt. In homozygous Runx2- 
defi cient mice, bone tissue is not formed. 
Haploinsuffi ciency of Runx2 causes cleidocra-
nial dysplasia (CCD) in both mice and humans 
[ 33 ]. This autosomal dominant disorder is char-
acterized 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 supernumer-
ary teeth of the permanent dentition [ 33 ]. In addi-
tion to the role of Runx2 in osteoblast 
differentiation, Runx2 activity is also required 
for bone matrix deposition by mature osteoblasts 

[ 34 ], 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 osteo-
calcin (an osteoblast-specifi c marker), bone sia-
loprotein, alkaline phosphatase, and type I 
collagen [ 30 ]. Interestingly, both overexpression 
of Runx2 and expression of a dominant-negative 
form of Runx2 in osteoblasts impair bone forma-
tion, revealing the complexity involved in regula-
tion of different stages of osteoblast 
differentiation. Runx2 activity is modulated by 
phosphorylation and Runx2 interacts with other 
transcription factors, including signal transducer 
and activator of transcription-1 (STAT-1) [ 35 ], 
Smads 1, 3, and 5 [ 36 – 38 ], Hey1 [ 39 ], Menin 
[ 40 ], p300 [ 41 ], Grg5 [ 42 ], and Twist [ 43 ]. 

 Analysis of Osx null mice shows that Osx is 
genetically downstream of Runx2. Little is 
known about how Osx regulates osteoblast dif-
ferentiation and function. Expression of genes 
characteristic of mature osteoblasts is absent in 
cells surrounding chondrocytes in Osx null mice, 
and instead these cells express genes characteris-
tic of chondrocytes. Thus, Osx may be playing a 
role in directing precursor cells toward the osteo-
blast lineage and away from the chondrocyte lin-
eage [ 44 ,  45 ]. 

 The endochondral portion of the developing 
clavicle is particularly sensitive to a reduction 
in the level of Runx2, both in mice and humans 
[ 46 ]. In addition, no hypertrophy develops in 
cartilages 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 [ 47 ,  48 ]. 
Since a low level of Runx2 expression can be 
detected in hypertrophic chondrocytes in wild-
type growth plates, this has led to the hypothe-
sis that Runx2, in addition to inducing 
osteoblast differentiation, is required or repre-
sents a limiting factor for chondrocyte hyper-
trophy. Furthermore, it may be required for 
VEGF expression and angiogenesis during 
endochondral ossifi cation. Finally, Runx2 may 
control the expression of collagenase 3 (MMP-
13) in hypertrophic chondrocytes [ 49 ,  50 ]. 
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 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 formation are not known. Alterations in 
functions of various other non-bone-specifi c 
transcription factors have also been demonstrated 
to affect osteoblastic differentiation and function. 
These include activator protein-1 and its related 
molecules, Dlx5, Msx1, Msx2, Twist, Atf4, and 
nuclear steroid hormone receptors such as andro-
gen receptors and estrogen receptors. As regula-
tory 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 sub-
jected to a complex and intricate regulation by a 
number of growth factors, hormones and cyto-
kines which mediate cues ranging from develop-
mental 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 differentia-
tion and bone development is beyond the scope 
of this section. We present here a brief overview 
of the main factors known to regulate osteoblas-
tic 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 [ 51 ,  52 ]; 
β-Catenin is the downstream mediator of canoni-
cal Wnt signaling that forms transcription- 
regulating complexes with TCF/LEF transcription 
factors. Key roles for this signaling pathway have 
been established in embryonic skeletal  patterning, 

fetal skeletal development, and adult skeletal 
remodeling [ 53 – 58 ]. 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 [ 59 ]. Canonical 
Wnt signaling has also been shown to decrease 
osteoclastogenesis and bone resorption (see sec-
tion below on “ Modulators of osteoclastic cell 
differentiation and function ”). 

 Noncanonical Wnt signaling (i.e., pathways 
other than via β-Catenin) including those involv-
ing GTPase pathways and G-protein-coupled 
receptors appear to have a role in skeletal devel-
opment. These pathways have been reported to 
induce osteoblastogenesis in mouse MSCs (for 
review see [ 60 ]).  

    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/pro-
tein kinase A (AC/PKA), protein kinase C (PKC), 
and mitogen-activated protein kinase (MAPK) 
signaling pathways [ 61 ]. On the other hand, con-
tinuous administration of PTH produces bone 
loss due to osteoclast activation as observed in 
hyperparathyroidism. Different signaling path-
ways are activated in osteoblast precursors by 
intermittent or chronic stimulation, respectively, 
which lead to important differences in down-
stream gene regulation patterns. Intermittent 
PTH and PTHrP treatment of MSC and preosteo-
blastic cell lines regulates their osteogenic differ-
entiation capacity by modulating the expression 
of the transcription factors Runx2 and Osx and 
down-regulating components of the hedgehog 
signaling cascade [ 62 – 64 ]. The stimulatory effect 
on osteoblastic differentiation may depend on the 
cell differentiation stage, exposure time and PTH 
dosage [ 19 ,  65 ]. 

 PTH and PTHrP appear to also be involved in 
mechanotransduction by modulating intracellular 
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Ca 2+  via mechanosensitive channels [ 66 ]. 
Mechanical loading and PTH have synergistic 
effects on osteocalcin expression  in vitro  and on 
bone formation  in vivo  [ 67 ]. Moreover mechani-
cal stress induces PTHrP expression in osteoblast- 
like cells, suggesting that it could be a potential 
mediator of the anabolic effects of mechanical 
force on bone [ 68 ].  

    Vitamin D 3  
 Vitamin D 3  promotes osteogenic differentiation 
of MSCs by inhibiting proliferation and upregu-
lating osteogenic markers such as alkaline phos-
phatase and osteocalcin [ 69 ,  70 ]. Surprisingly 
vitamin D 3  is not all together indispensable for 
normal bone development in embryogenesis as 
the skeleton of vitamin D receptor (VDR) mutant 
mice developed normally, yet they showed 
growth retardation, rickets, secondary hyperpara-
thyroidism, and alopecia [ 71 ]. Vitamin D 3 -bound 
VDR interacts with Runx2 to upregulated osteo-
calcin expression [ 72 ]. Overall vitamin D 3  stimu-
lates the expression of many genes in bone cells 
like osteocalcin, 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 (for 
review see [ 73 ]). 

 The active metabolite of vitamin D 3  responsi-
ble for the regulatory aspects described above 
include 1α,25-dihydroxyvitamin D 3  as the main 
metabolite involved in bone metabolism and 
bone cell functions. However, there have been 
reports that 24R,25-dihydroxyvitamin D 3  also 
has bone and bone cell metabolic actions (for 
review see [ 74 ]). Recent studies show that 
24R,25-dihydroxyvitamin D 3  appears to be 
important for osteoblastic maturation/differentia-
tion from MSC [ 75 ].  

    Estrogen 
 Estrogens have a major impact both on bone for-
mation during growth and development and bone 
metabolism in adults. Bone marrow stromal cells 
express estrogen receptor (ER) beta (ERβ) and 
two splice variants of ERα suggesting they are 
targets of estrogen action. Furthermore, estro-
gens upregulate ER expression in MSCs, and 

when overexpressed in the marrow stromal cells, 
ER induced osteogenic differentiation in response 
to estradiol. Recently, studies in mice have shown 
that some effects, at least on cortical bone, do not 
require ERα signalling in osteoblasts or osteo-
clasts [ 76 ]. 

 The estrogenic compound genistein stimulates 
the proliferation and osteoblastic differentiation 
of bone marrow MSCs by activation of the NO/
cGMP pathway [ 77 ]. The differentiation- 
inducing effects in MSCs might be mediated by 
downstream induction of BMP2 and BMP6 
expression. Estrogens can upregulate the expres-
sion of the osteogenic marker genes Runx2, alka-
line phosphatase (ALP), collagen 1 (Col1), and 
TGFβ1 in MSCs. Estrogens inhibit osteoclast 
development and function via upregulation of 
osteoprotegerin (OPG) expression in osteoblasts 
and inhibition of cytokine expression [ 78 ]. 
Estrogen defi ciency leads to osteoporosis in 
women and men [ 79 ]. Although the infl uence of 
estrogens on osteoblast function might not be the 
foremost function of estrogens in the mainte-
nance of bone, estrogens are still considered to 
have an anti-resorptive role. 

 Mechanical strain and estrogens activate ERα 
in bone cells [ 80 ,  81 ]. ERα itself appears to be the 
mediator of such effects since ERα KO results in 
an impaired anabolic response to mechanical 
strain  in vivo  and  in vitro . Most interesting is a 
recent report showing that deletion of ERα in 
osteoblast lineage cells has differing effects with 
respect to mechanical loading and bone mass in 
male vs female mice. Specifi cally, bone mass and 
mechanical loading were decreased in female 
ERα knock-out mice compared to control litter-
mates; whereas, those same parameters were not 
different from control littermates in male ERα 
knock-out mice [ 82 ].  

    Bone Morphogenetic Proteins 
 Bone morphogenetic proteins (BMPs) are mem-
bers of the transforming growth factor β (TGFβ) 
superfamily of signal molecules that mediate 
many diverse biological processes ranging 
from early embryonic tissue patterning to 
 postnatal tissue homeostasis. Activation of BMP/
TGFβ receptors initiates phosphorylation of the 
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 downstream effector proteins, known as receptor- 
regulated Smads, leading to signal transduction 
[ 83 ]. While the same Smads are used by BMPs in 
all types of cells, association with different tran-
scription factors accounts in part for the func-
tional 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 integra-
tor of BMP/TGFβ Smad signaling through the 
formation of Runx2–Smad complexes [ 84 ,  85 ]. 
While both BMPs and TGFβ direct Runx2–Smad 
interactions, only the BMP-responsive Smads 
promote osteoblast differentiation together with 
Runx2. BMPs promote bone formation by stimu-
lating the proliferation and differentiation of 
osteoblasts. It has been suggested that delayed 
healing of non-union fractures of bone may be 
the result of decreased levels of BMP activity. 
The BMP signaling cascade is closely regulated, 
with the inhibitory Smads blocking the intracel-
lular signal cascade. Predominantly BMP-2 and 
BMP-7 have been shown to have potent stimula-
tory effects on osteoblastogenesis and have 
proven clinical utility for bone regeneration 
[ 86 – 88 ].  

    Growth Hormone/Insulin-Like Growth 
Factor 
 Growth hormone (GH) is a peptide hormone 
secreted from the pituitary gland under the con-
trol of the hypothalamus. A large number, but 
not all, of its effects are mediated through 
insulin- like growth factor-I (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, as well as through IGF-I, 
stimulates osteoblast proliferation and activity, 
promoting bone formation [ 89 ]. It also stimu-
lates osteoclast differentiation and activity, pro-
moting bone resorption, although this effect does 
not appear to be via IGF-1 activity. This promo-
tion of bone resorption 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 reg-
ulates this function through IGF-I, which stimu-
lates 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 
tissues 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 a signifi cant 
role for insulin-like growth factor-I (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 sys-
tem 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 treat-
ment of osteoporosis.  

   Leptin/β Adrenergic Receptors 
 Leptin was initially characterized as an adipocyte- 
secreted hormone that controls body weight [ 90 –
 92 ]. 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 [ 93 ,  94 ]. This results from an increase in 
osteoblast function not number, indicating that 
leptin in this context has no infl uence on osteo-
blast proliferation. There is strong evidence that 
leptin acts centrally via hypothalamic receptors to 
regulate bone mass [ 95 ]. This regulatory effect 
appears to be 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 [ 96 ]. However, there are con-
fl icting results published with respect to the local 
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effects of leptin on bone growth and regeneration. 
Some workers have argued that leptin mainly 
exerts a direct anabolic effect on MSC by promot-
ing their proliferation and differentiation. Others, 
however point out that mice in which the leptin 
receptor in osteoblasts has been specifi cally 
knocked out lack a bone phenotype [ 97 ].  

   Glucocorticoids 
 Glucocorticoid effects on bone metabolism are 
complex and vary signifi cantly depending on the 
duration, concentration and the time window of 
exposure [ 98 ]. Glucocorticoid receptor (GR) sig-
nalling is required during the earlier phase of 
osteoblastic differentiation, but dispensable in 
later phases. Physiologically, glucocorticoids  in 
vivo  are required for bone formation and stimula-
tion of osteogenic differentiation. However, pro-
longed treatment at pharmacological doses 
induces osteoporosis  in vivo  and leads to an 
impairment of osteogenic differentiation  in vitro . 
This impairment is mediated via enhanced 
expression of dickkopf-1 (Dkk-1) and secreted- 
frizzled related protein 1 (SFRP-1), inhibitors of 
the canonical Wnt signalling pathway, and may 
favour alternative differentiation pathways (e.g., 
adipogenesis) [ 99 ,  100 ].  

   Thyroid Hormone 
 Thyroid hormone (T 3 ) is essential for the normal 
development of endochondral and intramembra-
nous bone and plays an important role in the lin-
ear growth and maintenance of bone mass [ 101 ]. 
Thyroid hormone receptors (TR) are expressed in 
osteoblasts, growth plate chondrocytes, and MSC 
[ 102 ,  103 ]. In MSCs three isoforms, TRα1, TRβ1 
and TRβ2, are functionally expressed [ 104 ]. The 
effects of T 3  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 T 3  has been 
implicated in the increased synthesis of osteocal-
cin, type I collagen and ALP, and induction of 
MMP13, gelatinase B (MMP9) and the tissue 
inhibitor of MMP (TIMP) [ 105 ,  106 ]. Mice 
expressing a non-functional TRα1 show delayed 
endochondral ossifi 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, although overall 
the changes in growth plate and bone morphol-
ogy 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 tran-
scription factors that regulate osteoblast differen-
tiation are beginning to shed light on the 
complexity of control mechanisms for bone for-
mation. Integration of the many osteogenic sig-
naling pathways converges primarily through the 
Runx2 transcription factor, which appears to 
identify the specifi c molecular mechanisms nec-
essary for coordinating activities from diverse 
developmental and physiologic signals. 
Simultaneously, all this information provides 
novel opportunities for therapeutic approaches 
toward potential interventions in metabolic and 
genetic disorders of the skeleton.  

   MicroRNAs 
 MicroRNAs (miRNAs) are small noncoding 
RNAs (average size about 22 nucleotides), that 
have been reported to play an important role in 
maintaining bone development and metabolism. 
Through the efforts of several research groups it is 
now clear that the process of maturation/differen-
tiation of MSCs into mature osteoblasts and the 
subsequent steps in osteogenesis are all regulated 
in some way or another by various miRNAs. A 
clear understanding of the exact mechanism(s) 
involved in this regulation has the potential to 
facilitate use of miRNAs for therapeutic purposes 
in bone repair. In this respect it is known that spe-
cifi c miRNAs interact with Runx2. This is thought 
to be a direct interaction with its gene or perhaps 
by affecting other genes (e.g., BMP-2) that alter 
the level of Runx2 expression. Some of these 
miRNA interactions with Runx2 are reported to 
result in positive regulation, whereas others serve 
as negative regulators of osteogenic differentia-
tion. The reader is referred to an extensive review 
of the numerous miRNAs and their respective 
actions on bone and bone repair that has been 
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recently published for a full understanding of this 
aspect of bone biology [ 107 ].   

    Monocytes/Macrophages 
and Osteoclastogenesis 

 The primary activity of osteoclasts is resorbing 
bone (and cartilage), and thus is required for skel-
etal modeling and remodeling. The osteoclast is a 
specialized multinucleated cell derived from cells 
in the monocyte-macrophage lineage (Fig.  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 pre-
cursors, which are post-mitotic cells that must 
fuse to form functional multinucleated osteo-
clasts. Osteoclasts are the principal, if not exclu-

sive, bone-resorbing cells, and their activity has a 
profound impact on skeletal health. Accordingly, 
disorders of skeletal insuffi ciency, such as osteo-
porosis, typically represent increased osteoclastic 
bone resorption relative to bone formation. 
Prevention of pathological bone loss therefore 
depends on an understanding of the mechanisms 
by which osteoclasts differentiate from their pre-
cursors and degrade the skeleton.

   Osteoclast development follows vascular inva-
sion of cartilage during embryogenesis and 
requires VEGF [ 108 ]. Subsequently, osteoclasto-
genesis and skeletal resorption continue through-
out 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 MITF. The myeloid and B cell tran-

  Fig. 1.2    The osteoclastic differentiation pathway. The 
commitment of marrow precursors to the osteoclastic 
pathway is diagramed. Some key transcription factors 

involved in establishing each phenotype are described 
( black ) and the factors that induce osteoclastic determina-
tion, MCSF and RANKL ( green ) are included       
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scription factor PU.1 is the earliest characterized 
determinant of the macrophage/osteoclast lin-
eage. Mice null for PU.1, in addition to not hav-
ing B cells, lack osteoclasts and macrophages 
[ 109 ]. High levels of PU.1 are required for mac-
rophage and osteoclast differentiation [ 110 ]. 
Downstream of PU.1, and interacting with it for 
osteoclast differentiation is the microphthalmia- 
associated transcription factor (MITF) [ 111 ]. 

 Development of osteoclasts requires the con-
certed actions of several cytokines, steroids and 
lipids, which act directly on precursors them-
selves, as well as indirectly by targeting a combi-
nation of mesenchymal supportive cells and those 
in the lymphoid lineage. The capacity of mature 
osteoclasts 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 osteo-
clast. Mutations can be inherent to the osteoclast 
and precursor, or found in proteins that are pro-
duced by lymphoid or mesenchymal tissue, 
which regulate 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 stim-
ulating factor (M-CSF). RANKL is a glycopro-
tein produced by stromal cells that belongs to 
the TNF ligand super family. RANKL signal is 
mediated through its receptor, RANK, a mem-
ber of TNFR super family of type I transmem-
brane proteins. RANKL secreted by activated T 
cells and acting through the RANK receptor is 
able to activate the monocytic cells to differen-
tiate into osteoclasts. RANK ligand can be 
inhibited by osteoprotegerin (OPG), a soluble 
decoy receptor that also belongs to the TNFR 
super family [ 112 ]. Blocking RANKL sup-
presses osteoclast differentiation. 

 M-CSF is a secreted cytokine that promotes the 
proliferation and differentiation of precursors of 
the monocyte linage. M-CSF recognizes only one 
receptor, the tyrosine kinase c-Fms. Transgenic 
mice lacking c-Fms develop osteopetrosis [ 113 ] 
because of their inability to produce osteoclasts. 

 Most factors that induce osteoclast differentia-
tion, such as PTHrP, IL-11, and prostaglandins, 
do so by inducing expression of RANKL on the 
surface of immature osteoblasts [ 114 ]. In addi-
tion, osteoclasts produce autocrine-paracrine fac-
tors that regulate osteoclast formation, such as 
IL-6. Several autocrine-paracrine factors that 
regulate osteoclast activity include annexin-II, 
MIP-1α, eosinophil chemotactic factor, and 
osteoclast inhibitor factors 1 and 2. Most recently, 
the receptor for ADAM8 [ 115 ] and α9β1 integrin 
[ 116 ] 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 posi-
tively or negatively regulate osteoclast prolifera-
tion and differentiation. 

 As indicated above in the section on 
“ Regulators of osteoblastic cell differentiation 
and function ”, Wnt signaling has been reported 
to affect osteoclastogenesis as well as osteoblas-
togenesis. Specifi cally, β-Catenin signaling in 
osteoclast precursors appeared to be required for 
their proliferation, whereas continuous activation 
of these same signaling pathways reportedly 
inhibited osteoclastogenesis [ 117 ]. Moreover, 
there appear to be effects on osteoclastogenesis 
by non-canonical Wnt signaling pathways as 
well. There is some evidence that Wnt ligands 
produced by osteoblasts may be involved in the 
regulation of osteoclastogenesis. The specifi c 
involvement of these factors and the direct regu-
latory events are yet to be determined. 

 In summary, bone cells from different origins, at 
different stages of differentiation, and with differ-
ent and sometimes opposing functions, integrate 
into a network of cells that work together to orches-
trate modeling, remodeling, and bone repair, start-
ing very early in development. Soluble signaling 
cytokines, hormones, and growth factors, as well as 
cell-to-cell communication pathways (i.e., con-
nexin43-gap junctional communication) play 
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essential roles in coordinating the maintenance of 
tissue integrity and appropriate skeletal mechanical 
support (Fig.  1.3 ).

        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 (or uncoupled) bone 
turnover. Under normal conditions, bone resorp-
tion and bone formation in the adult bone repre-
sent not only the physiological response of the 
skeleton to injuries, such as fractures, but they 
also provide the mechanism for 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, esti-
mation of the processes of bone resorption and 
formation adds crucial information for the prog-
nosis of the disease, as well as for the selection of 
the most appropriate therapeutic approach, 
thereby signifi cantly affecting the clinical 
decision- making process. Higher rates of bone 
remodeling are, in general, associated with higher 
rates of bone loss, and under these conditions, an 
anti-resorptive treatment usually leads to better 
therapeutic responses than in disorders character-
ized by low remodeling rates. 

  Fig. 1.3    Bone cells working in concert. Bone cells with 
different 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 chan-
nels between adjacent cells or cell processes]) are included 

in order to describe communication pathways utilized to 
coordinately 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 min-
eralized matrix ( red ) thanks to the action of osteocytes 
and specialized cellular structures (i.e., gap junctions)       
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 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 kid-
neys. Therefore, an increased bone turnover is 
usually associated with an increased urinary cal-
cium output. Before current biochemical markers 
were introduced, urinary calcium excretion rep-
resented the only humoral index available to esti-
mate 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. 

    Measurement of Bone Turnover 

 Through the use of dual X-ray bone absorptiom-
etry (DEXA) it is possible to measure both bone 
mineral density (BMD) and bone mineral content 
(BMC) of individuals; thus providing informa-
tion on the skeleton at a specifi c site and at a spe-
cifi c point in time. Thus, while evaluation of 
BMD is a critical component in clinically evalu-
ating a patient at risk for osteoporosis (and poten-
tially for other metabolic bone diseases), BMD 
represents a static parameter that provides insight 
into the rate of bone turnover in a given patient 
only if repeated over time. The ability to comple-
ment the static measurement of BMD with an 
assessment of the dynamic process of bone turn-
over, enhances the ability of BMD to predict risk 
of subsequent fractures. However, while it has 
been possible to measure BMD at various skele-
tal sites for many years, bone turnover  per se  can 
only be assessed by a combination of calcium 
balance and isotope kinetic studies (both time- 
consuming and very expensive) or by tetracycline- 
based histomorphometry (invasive, expensive, 
and time-intensive). Thus, the more recent avail-
ability of biochemical markers for bone turnover 
represents a major methodological advance. 
These measurements 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 these 
assessments 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 synthe-
size and secrete a number of non-collagenous 
proteins, two of which are clinically useful mark-
ers of osteoblastic activity, and by inference, 
bone formation. The bone specifi c isoform of 
alkaline phosphatase (AP) is an osteoblast prod-
uct that is clearly essential for mineralization. 
Indeed, AP defi ciency, as in the disease hypo-
phosphatasia, results in defective mineralization 
of bone and teeth [ 118 ]. While bone specifi c AP 
has been used for years as a clinical indicator of 
bone turnover, with higher levels indicative of 
increase bone formation (such as in Paget’s dis-
ease of bone) the precise role this enzyme plays 
in the mineralization process remains unclear. 
Numerous studies have suggested that AP may 
increase local concentrations of inorganic phos-
phate, destroy local inhibitors of mineral crystal 
growth, transport phosphate, act as a calcium- 
binding protein, or some combination of these 
events in its role to facilitate mineralization. 

 Circulating alkaline phosphatase activity is 
derived from several tissues, including intestine, 
spleen, kidney, placenta (in pregnancy), liver, 
bone, or from various tumors. Thus, measure-
ment of total AP activity does not provide spe-
cifi c information on bone formation. However, 
because the two most common sources of ele-
vated AP levels are liver and bone, a number of 
techniques, including heat denaturation, chemi-
cal inhibition of selective activity, gel electro-
phoresis, 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 
have only 10–20 % cross-reactivity with the 
liver isoform. 

 Osteocalcin (OC) another non-collagenous 
protein secreted by osteoblasts is widely accepted 
as a marker of osteoblastic activity, and hence, 
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bone formation. However, it should be noted that 
OC is incorporated into the matrix, and then 
released into the circulation from the matrix dur-
ing bone resorption, so the serum level at any one 
time has a component of both bone formation and 
resorption. 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 identi-
fi ed, although its deposition in bone matrix 
increases with hydroxyapatite deposition during 
skeletal growth. Osteocalcin is measured in 
serum or plasma by radioimmunoassays, based 
on antibodies raised against bovine protein, 
which cross-react with the human molecule. Like 
bone-specifi c alkaline phosphatase, osteocalcin 
levels vary with age. Thus, children in active 
stages of bone growth have higher circulating 
levels than adults, with a peak around the time of 
puberty for both sexes. Thereafter, serum osteo-
calcin 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 rep-
resents a transient change. In fact, osteocalcin 
returns toward premenopausal levels 15–20 years 
after the menopause. The reasons for this sub-
stantial fl uctuation pre- vs post-menopause (with 
eventual return to “normal”) are not fully 
understood. 

 As indicated above, the major synthetic prod-
uct of osteoblasts is type I collagen. Hence, in 
principle, indices of type I collagen synthesis 
should 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 (carboxyterminal pro-
peptide of type I collagen and aminoterminal 
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 biosynthesis. 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. 
Thus it is diffi cult to sort out the bone component 
from other tissues.  

   Bone Resorption Markers 
 In contrast to markers of bone formation, where 
the non-collagenous proteins produced by osteo-
blasts seem to be the most useful markers, it is 
the collagen degradation products, rather than 
specifi 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. A 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. This has been a rela-
tively good marker, since the hydroxyproline 
released during degradation of collagen is not 
formed (i.e., the proline is not hydroxylated) until 
the proline is part of the collagen molecule. 
However, hydroxyproline is not specifi c to bone 
collagen, and dietary protein sources can also 
contribute to urinary hydroxyproline excretion. 
Because of this, and to enable correct assessment 
of hydroxyproline, patients had to be on a 
collagen- free diet for 1–3 days before a 24-h col-
lection for hydroxyproline measurement. 
Moreover, a major drawback of urinary hydroxy-
proline measurements is that they require high- 
pressure liquid chromatographic (HPLC) 
methods, which are relatively time-consuming 
and expensive. 

 Nowadays there are rapid and relatively inex-
pensive 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 col-
lagen 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 collagen break-
down, these telopeptides are released into the cir-
culation and cleared by the kidney. When 
osteoclasts resorb bone, they release a variety of 
collagen degradation products into the circula-
tion that are metabolized further by the liver and 
the kidney. Thus urine contains these various 
telopeptides in specifi c forms that can be mea-
sured as both free and protein-bound moieties. 

 Finally, the only osteoclast-specifi c product 
that has been evaluated to any extent as a bone 
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resorption marker is tartrate-resistant acid phos-
phatase (TRAP). Acid phosphatase is a lyso-
somal enzyme 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 osteoclasts, and 
the enzyme is relatively unstable in frozen sam-
ples. Because of these limitations, TRAP has not 
been used to any signifi cant extent in the clinical 
assessment of bone resorption, 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 vari-
ous 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. Peak levels usually occur 
between 4 and 8 a.m. [ 119 ]. Hence, for the urine 
markers, it is best to obtain either a 24-h 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 regarding bone 
turnover markers is that most of the markers tend 
to be positively associated with age [ 120 ], with 
the exception of a signifi cant decline from ado-
lescence to about age 25 years, as the skeletal 
consolidation is completed [ 121 ]. This issue must 
be kept in mind when normative data for each of 
the markers are established. A fourth issue 
regarding bone turnover 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 AP tends to show much 

larger increases than OC in Paget’s disease of 
bone, whereas glucocorticoid therapy is gener-
ally associated with larger decrements in OC lev-
els as opposed to bone specifi c AP levels [ 122 ]. 

 Finally, one has to be aware of the potential 
variability (technical and biological) of the vari-
ous bone turnover markers. Bone mineral density 
can be measured by DEXA with an accuracy of 
greater than 95 % and a precision error for repeat 
measurements of between 0.5 and 2.5 %. In con-
trast, the biochemical markers of bone remodel-
ing 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 gener-
ally inversely correlated with bone mineral 
 density, these correlations 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 osteo-
porosis or to predict bone mass; direct measure-
ment of bone mineral density by DEXA is 
extremely effective at accomplishing that 
outcome. 

 There is a growing body of evidence support-
ing a role for components of the nuclear envelope 
in the metabolism and regulation of age-related 
bone loss (for review see [ 123 ]). More specifi -
cally, Lamin A/C appears to have a critical role in 
bone metabolism involving cell differentiation, 
function and survival [ 124 ]. Further studies on 
other nuclear envelope components are necessary 
to determine any additional regulatory roles for 
this important cellular entity. 

 Age-related fractures are the most common 
manifestation of osteoporosis and are responsible 
for the greatest proportion of the morbidity and 
mortality from this disease. Biochemical, biome-
chanical, and non-skeletal factors contribute to 
fragility fractures in the elderly. Over a lifespan, 
women lose approximately 42 % of their spinal 
and 58 % of their femoral bone mass [ 125 ]. 
Surprisingly, rates of bone loss in the eighth and 
ninth decades of life may be comparable to or 
even exceed those found in the immediate peri- 
and postmenopausal period of some women. This 
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is because of the uncoupling in the bone remodel-
ing cycle of older individuals, resulting in a 
marked increase in bone resorption, but no 
change or even a decrease in bone formation. 
This uncoupling has facilitated the efforts of the 
pharmaceutical industry in their search to pro-
duce effective therapeutic entities for the treat-
ment of bone loss. Essentially drugs that decrease 
bone resorption also tend to show decreased bone 
formation due to the coupling that exists between 
the two activities. Whereas, the opposite is true 
of drugs that tend to increase bone formation – 
they show an eventual increase in bone resorp-
tion. Hence, with the uncoupling that takes place 
in older individuals, pharmaceutical companies 
have been able to develop drugs that will decrease 
bone resorption without the concurrent 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 
subsequent differentiation and repopulation of 
the hematopoietic system through Notch activa-
tion and BMP signaling [ 126 ,  127 ]. Interestingly, 
this novel function of stromal/osteoblastic cells is 
stimulated by parathyroid hormone (PTH), a key 
regulator 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 chemother-
apy, and expands stem cells in transplant recipi-
ents [ 128 ]. 

 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 structurally provided by bone tissue. 
Some of these structures are found in trabecular 
bone localized to the endosteal surface of bone 
[ 129 ]. Moreover, activated HSCs migrate out of 
the stromal/osteoblastic niche in trabecular bone 
and closer to specialized blood vessels where 
they actually proliferate and begin to differenti-
ated in close relationship to sinusoid endothelial 
cells [ 130 ]. These data suggest that the stromal/
osteoblast niche is a quiescent niche where HSCs 
undergo self-renewal, while proliferation and 
subsequent differentiation take place in the vas-
cular niche some distance away from the stromal/
osteoblast niche. This concept is consistent with 
an oxygen gradient and the effect of oxygen ten-
sion on stem cell physiology. The stromal/osteo-
blast niche is an environment with low oxygen 
tension, anatomically at a distance from blood 
vessels, while 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 while 
higher oxygen favors HSC differentiation [ 131 , 
 132 ]. This scenario may not only be true for the 
HSC compartment in bone marrow. MSCs repre-
sent a heterogeneous population of cells at differ-
ent stages of differentiation. Developmentally 
primitive MSCs with a broad differentiation 
potential have been identifi ed in human bone 
marrow [ 133 – 135 ]. Similarly, low oxygen ten-
sion favors a more primitive phenotype [ 136 ], 
while inhibiting osteoblastic differentiation [ 70 , 
 137 ]. Thus, it is likely that the most primitive 
MSCs may also localize to a specifi c niche simi-
lar to that of the HSC niche, whereby the unique 
microenvironment is provide by specialized bone 
anatomical sites. Alternatively, both MSCs and 
HSCs may share the same niche, particularly 
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since a population of human primitive MSCs 
[ 135 ] express PTH1R on their surface and 
respond to PTH stimulation.     
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     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. Other aspects 
of bone aging have been addressed in recent 
reviews [ 1 ,  2 ].  

    Aging: A Defi nition 

 The term “aging” is often qualifi ed by adjectives 
such as “accelerated”, “biological” or “chrono-
logical”, depending on the context. A number of 
these defi nitions of aging have been elegantly 
summarized in Carrington’s review entitled 
“Aging bone and cartilage: cross-cutting issues” 
[ 3 ]. In the clinical care setting, aging is generally 
associated with the gradual loss of a wide range 
of physiological homeostatic processes [ 3 ] 
(Table  2.1 ). These include decreased fertility [ 4 ], 
decreased resilience in response to environmen-
tal stressors such as infections, surgery, or physi-
cal attack [ 5 ], decreased physical strength and 
increased risk of mortality. Inevitably, aging is 
also associated with end of life and death [ 4 ,  6 ].

   At the cellular level, several fundamental and 
inter-connected processes accompany aging  in 
vitro  and  in vivo  [ 3 ] (Table  2.1 ). Hayfl ick was the 
fi rst to discover that mammalian diploid cells 
 cultured in vitro are not immortal but exhibit 
 limited life span; termed as the Hayfl ick limit and 
estimated by the number of doublings the cells 
undergo in vitro. During the limited in vitro life 
span, cultured cells exhibit progressive genomic 
and proteomic changes that culminate in growth 
arrest. These processes have described as the rep-
licative senescence phenotype or the Hayfl ick 
phenomenon [ 7 ]. These pioneering observations 
set the framework for much of our understanding 
of cellular senescence and in vivo physiological 
aging based upon the Hayfl ick model for 
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 replicative senescence. Furthermore, it has been 
employed extensively in biogerontology research 
to unravel mechanisms of age-related cellular 
defects [ 8 ]. Using this model, several investiga-
tors have reported an inverse relationship between 
the donor age and maximal proliferative potential 
of the cells in vitro [ 9 ]. The Kassem laboratory 
has characterised a Hayfl ick model for replicative 
senescence of human osteoblastic cells [ 10 – 13 ].  
 During continuous culture in vitro, human osteo-
blasts exhibited typical senescence- associated 
phenotype including decreased osteoblast marker 
production (alkaline phosphatase (AP), osteocal-
cin, collagen type I), decreased mean telomere 
fragment length and expression of senescence-
associated β-galactosidase (SA β-gal) [ 14 ,  15 ]. 

    Contribution of Telomere Shortening 
to Age-Related Osteoblast 
Dysfunction 

 With each progressive mitotic cycle, telomeres 
located at the ends of chromosomes decrease in 
length and this has been proposed as a molecular 
mechanism underlying cellular senescence [ 16 ]. It 
has been postulated that the telomere length acts 
as a “mitotic clock” and thus once the telomeres 
reach critical size, cellular senescence phenotype 
is expressed. On the other hand, overexpression of 
telomerase, the reverse transcriptase enzyme 
responsible for maintaining telomere length, leads 
to cell immortalization [ 17 ] and abolishes the in 
vitro replicative senescence phenotype [ 18 ]. 
Consistent with this hypothesis, recent pre-clini-
cal studies have found that murine strains with 
defects in telomere associated enzymes (Werner 
helicase and/or telomerase) display skeletal 

changes characteristic of human osteoporosis [ 19 ] 
In addition, in a murine model of telomerase defi -
ciency (TERC defi cient mice) accelerated aging 
phenotype with decreased bone mass and impaired 
skeletal stem cell functions in vitro and in vivo has 
been described [ 20 ].  

    Other Aspects of Cellular Senescence 

 The Kassem laboratory has examined the effect 
of donor age on the maximal proliferative poten-
tial of human bone marrow stromal stem cells 
(BMSC). An age-related decline in the maximal 
life span from 41 ± 10 population doublings (PD) 
in young donors to 24 ± 11 PD in old donors was 
observed [ 10 ]. These results thus suggest that 
human aging is associated with a proliferation 
defect of hBMSC [ 10 ]. Other aspects of cellular 
senescence include increased rate of somatic cell 
DNA mutations [ 3 ,  6 ] and changes in DNA meth-
ylation and histone acetylation patterns [ 14 ,  21 ], 
leading to altered gene expression profi les and 
differentiation functions. Reduced oxidative 
phosphorylation in the mitochondria of senescent 
cells leads to reduced energy availability and 
metabolic functions [ 22 ]. In parallel, mitochon-
drial 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 
[ 23 ,  24 ]. The generation of ROS has been associ-
ated with altered signal transduction responses to 
growth factors [ 25 ]. In addition, elevated levels 
of ROS cause increased expression of pro- 
apoptotic or programmed cell death regulators 
within differentiated cell types [ 26 ]. These 
changes cause the cells to be more sensitive to 
exogenous stress that leads to subsequent apopto-
sis [ 27 ]. An additional biochemical event associ-
ated with aging is the formation of Advanced 
Glycation Endproducts (AGEs), formed through 
the non-enzymatic interaction of glucose with 
amino groups, known as the Maillard reaction 
[ 28 ]. Glycated forms of collagen and other pro-
teins accumulate in tissues with low levels of cel-
lular turnover, such as bone [ 28 ]. While AGEs 
have been well established as the target for diag-
nostic and prognostic clinical testing in diabetes, 

    Table 2.1    Macro- and micro- manifestations of aging [ 3 ]   

 Clinical  Cellular 

 Decreased fertility  Telomere shortening 

 Decreased physical strength 
and/or mental acuity 

 Increased oxidative 
damage 

 Decreased resilience and 
stress response 

 Altered apoptosis or 
programmed cell death 

 Increased mortality  Increased Advanced 
Glycation End 
products (AGEs) 

  With permission from Elsevier  
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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 dis-
ease [ 29 ,  30 ]. The gene for one of these receptors 
lies within the major histocompatibility locus and 
has been associated with the infl ammatory 
response [ 29 ]; its activation induces the NFκB 
transcription factor responsible for regulating the 
expression of pro-infl ammatory cytokines such 
as IL-6 and TNFα [ 31 ]. 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 (Fig.  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  con-
densation  of mesenchyme gives rise to intramem-
branous and endochondral bone formation in the 
embryo [ 32 ]. In the former case, the progenitor/
stem cells differentiate directly into osteoblasts 
while in the latter, the cells form chondrocytes fi rst 
which subsequently mineralize their extracellular 
matrix and become osteoblasts [ 32 ]. These events 
are closely linked with angiogenesis and the secre-
tion of angiogenic factors such as vascular endo-
thelial derived factor (VEGF) in a coordinated and 
time dependent manner [ 32 ]. Bone accumulation 
refl ects a life- long balance or homeostasis between 
 bone formation  by osteoblasts and  bone resorption  
by osteoclasts. As will be discussed further below, 
multiple hormonal, cytokine, biomechanical, 
nutritional, and environmental factors infl uence 
these events. Shortly after birth,  adipogenesis  or 

the formation of fat cells occurs within the marrow 
cavity of the distal phalanges and tarsal bones and 
advances proximally towards the axial skeleton 
throughout life. These events are regulated, in part, 
by the body’s hematopoietic demands. In humans, 
p eak bone mass  is reached during the third decade 
of life. After this point, bone mass decreases. In 
women, the rate of loss is briefl y accelerated dur-
ing the  perimenopausal transition  at much higher 
rates of 5–10 % per year which puts women at 
greater risk of  osteoporosis  at a younger age than 
men. Aging per se is associated with progressive 
bone loss in both men and women at a comparable 
rate of 1–2 % per year, and is caused by intrinsic 
dysfunction of osteoblastic cells leading to 
impaired bone formation as well as extrinsic 
 factors characteristic of endocrine aging [ 1 ,  2 ]. In 
this context the senescence microenvironment 
plays an inhibitory role on osteoblastic cells [ 33 ] .

      Skeletal Stem Cell (Also Known 
as Bone Marrow Stromal or 
Mesenchymal Stem Cells) (BMSC) 

 The mesodermal cells in the developing embryo 
give rise to the “anlagen” or condensation that 
ultimately forms bone. Friedenstein and his 
 colleagues performed pioneering studies in the 
1960s and 1970s identifying a population of 
bone marrow stromal cells with the ability to 
differentiate along multiple lineage pathways, 
including adipocyte, chondrocyte, and osteo-
blast [ 34 ]. Over the years, these cells have been 
identifi ed by many different names, including 
Fibroblast Stem Cells [ 35 ], Mechanocytes [ 34 ], 
Nurse Cells [ 36 ], Reticuloendothelial Cells [ 36 , 
 37 ], Stromal Cells [ 38 ,  39 ], Stromal Stem Cells 
[ 40 ,  41 ], and Westin-Bainton Cells [ 37 ] and now 
recognized as skeletal stem cells [ 42 ]. It has 
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  Fig. 2.1    Events in the progression of 
bone development       
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been recognized that BMSCs reside in the bone 
marrow microenvironment throughout life. 
Studies have documented that cloned BMSCs 
retain their multipotent differentiation charac-
teristics, consistent with the identifi cation of a 
true “stem cell” [ 43 – 45 ]. 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 BMSCs 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 fi broblast “colonies” 
(defi ned as groups of cells of more than 50 cells) 
with fi broblast morphology are determined after 
a 1–3 week expansion period. Based on this 
approach, studies have found that the number of 
murine bone marrow BMSCs decreases with 
advancing age [ 46 ]. Likewise, in man, the num-
ber of CFU-F decreases during the fi rst decade 
of life [ 47 ]. In the later decades of life, between 
the ages of 20–70, the number of CFU-F remains 
relatively constant [ 48 ,  49 ]. Thus, human stud-
ies 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 model-
ling mode characteristic of skeletal growth and 
consolidation to a remodelling dynamic charac-
teristic of the adult skeleton. This may also 
explain the experimental results of the presence 
of an age-related decline in the CFU-F number 
in mice as they continue to grow throughout 
their lifespan.  

    The Inverse Relationship 
Between Adipocytes and Osteoblasts 

 Clinical epidemiological observations have 
established that a relationship exists between adi-
pocytes and osteoblast differentiation and func-
tions in the bone marrow microenvironment. 

Autopsy studies of large number of participants 
of varying ages demonstrated that the percentage 
of the marrow cavity occupied by fat increased 
with advancing age [ 50 – 53 ]. Adipose accumula-
tion was observed in the femur, iliac crest, and 
vertebral bodies. Work by Meunier et al [ 54 ] in 
the early 1970s extended the initial pathological 
studies. Using bone marrow biopsies, they 
reported a correlation between osteoporosis and 
the degree of adipogenesis in the iliac crest bone 
marrow cavity in a cohort of 84 subjects [ 54 ]. 

 More recent, non-invasive studies using quan-
titative magnetic resonance imaging (MRI) have 
further documented the age-dependent increase 
in marrow fat [ 55 – 60 ]. Quantitative MRI has 
documented that increased marrow fat correlates 
directly with reduced cortical bone content in 
both young and old human subjects [ 61 ,  62 ]. 
Furthermore, studies have determined that while 
men within the age range of 20–60 display a 
greater marrow fat content than their age matched 
female counterparts, this gender-dependent pat-
tern is reversed with advanced age [ 63 ]. Instead, 
the bone marrow of women of ages >60 contains 
10 % greater fat content than that of their age 
matched male counterparts [ 63 ]. 

 Beresford and colleagues performed land-
mark studies regarding the differentiation of 
MSCs in the early 1990s that provide a mecha-
nistic understanding to these clinical observa-
tions [ 64 ]. They observed that cultures of BMSC 
could select the adipogenic or osteoblastic lin-
eage pathways equally under controlled culture 
conditions. If, however, they delayed the addi-
tion of glucocorticoid or vitamin D3, they were 
able to promote osteoblast or adipocyte differen-
tiation, respectively [ 64 ]. They concluded that 
the MSC response to nuclear hormone receptor 
ligands could regulate an inverse relationship 
between the number of adipocytes and osteo-
blasts in bone marrow [ 64 ]. Other laboratories 
later confi rmed these important fi ndings [ 65 ]. It 
is now recognized that a wide range of exoge-
nous 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 demonstrated that 
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sera from aged females is less able to support 
osteoblastic function in human MSCs as com-
pared to that from younger females [ 33 ]. In con-
trast, both sera were equally effective in 
supporting adipocyte differentiation [ 33 ].

   While the specifi c serum components respon-
sible for this remain to be determined, recent stud-
ies may shed some light. Within serum are found 
MSC-derived membrane encapsulated exosomes 
or cytoplasmic-derived microvesicles [ 67 – 69 ]. 
Global proteomic analyses using mass spectros-
copy have begun to systematically identify the 
most abundant cytokines found within the MSC 
secretome which include angiogenic, chemokines, 
immunomodulatory, and proliferative growth fac-
tors [ 67 – 70 ]. Additionally, the exosomes are a 
rich source of micro RNAs (miRNAs) capable of 
directing expression of downstream mRNA tar-
gets involved in both adipogenic and osteogenic 
differentiation [ 68 ,  71 – 74 ]. There is increasing 
interest in the potential use of miRNAs as pharma-
ceutical targets to manipulate MSC differentiation 
and function in vivo (for review see: [ 75 ]).   

    Biochemical Signaling Pathways, 
Genetic and Pharmaceutical 
Targets in Aging 

 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 that 
move easily across cell membranes as well as 
between cells and organs and range from fatty 
acids to steroids, making the nuclear hormone 
receptors important targets for therapeutic inter-
vention in metabolic disorders [ 76 ,  77 ]. 

 The peroxisome proliferator-activated receptor 
gamma (PPARγ) is activated by fatty acids derived 
from dietary and metabolic sources and is the tar-
get of the anti-diabetic thiazolidinedione class of 
insulin sensitizing drugs such as rosiglitazone and 
pioglitazone [ 78 ]. PPARγ is essential for the 
development of adipose cells, including the adi-
pose depots of the bone marrow [ 78 – 80 ]. In vitro 
studies using bone marrow-derived mesenchymal 
stem cells fi nd that PPARγ-mediated induction of 
adipogenesis inhibits osteoblastic bone formation 
[ 64 ,  65 ]. The reciprocal relationship between 
PPARγ activity and osteogenesis is particularly 
evident with increased age [ 81 ,  82 ]. Recent evi-
dence indicates that the use of thiazolidinediones 
in older diabetic adults may be associated with 
bone loss in women [ 83 ]. 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 important 
therapeutic implications. Glucocorticoids are 
widely used due to their anti-infl ammatory effects 
(reviewed in [ 84 ]). The side effects associated 
with long-term use of glucocorticoids include 
increased fat accumulation and osteoporosis.  In 
vitro  studies show that dexamethasone treatment 
of BMSCs leads to increased expression of genes 
required for adipogenesis [ 85 ]. 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 [ 86 ]. 

   Table 2.2    Pathways regulating bone marrow MSC adipogenic and/or osteogenic differentiation [ 66 ]   

 Nuclear hormone receptors 
 Transmembrane signal transduction 
pathways 

 Adipocyte-derived adipokines and 
factors 

 Vitamin D3  Bone morphogenetic protein (BMP)  Adiponectin, dlk1(pref-1) 

 Estrogen/androgen  Insulin  Angiotensin 

 Glucocorticoids  Parathyroid hormone  Free fatty acids 

 LXR  Transforming growth factor β (TGF β)  Leptin 

 PPAR  Wnt signaling  Oxidized LDLs 

  With permission from John Wiley and Sons  
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 Nuclear hormone receptors are closely linked 
with transmembrane signaling via the Wnt/β-
catenin signaling pathway. Wnt pathways are 
important regulators of developmental and endo-
crine functions. Interaction between nuclear 
receptor and the Wnt pathway plays a prominent 
role in bone and adipocyte development. 
Activation of Wnt signaling blocks the formation 
of adipocytes by inhibiting the expression of 
PPARγ and C/EBPα [ 87 ,  88 ]. Human studies of 
mutant forms of the Wnt co receptor, the low 
density lipoprotein related protein 5 (LRP5), 
demonstrate the importance of Wnt signaling in 
bone formation. Loss of LRP5 function is associ-
ated with decreased bone mass [ 89 ] while gain- 
of- function mutations in LRP5 lead to increased 
bone mass [ 90 ]. In vitro studies of MSC have 
shown that Wnt activation enhances osteoblastic 
and inhibits adipocytic differentiation [ 91 ,  92 ]. 
Other in vitro studies have attributed Wnt- 
dependent stimulation of osteogenesis to Wnt10b 
[ 93 ], a Wnt signaling protein found in stromal 
vascular cells, but not adipocytes [ 88 ]. 

 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 inhibi-
tion of adipocyte development [ 94 ]. In particular, 
BMP signaling regulates expression of Wnt10b 
and LRP5, both components of the Wnt pathway 
involved in inhibiting adipocyte formation. 

 Adipocytes secrete a number of proteins 
(“adipokines”) that function as hormones through 
an endocrine pathway. Leptin is a 16 kDa peptide 
hormone that binds to the leptin receptor, a mem-
ber of the cytokine receptor signaling pathway 
[ 95 ]. Originally identifi ed as a satiety factor, 
leptin’s role has expanded to include a range of 
effects, including the regulation of bone forma-
tion. Murine studies indicate that age-related loss 
of bone strength is accompanied by decreased 
serum leptin levels [ 96 ]. Studies of elderly men 
show that leptin exerts a modest effect on bone 
strength  independent of fat mass [ 97 ]. Further 
studies demonstrate that MSC exhibit high affi n-
ity leptin binding when undergoing either adipo-

genesis or osteogenesis [ 98 ]. Leptin binding was 
decreased in mesenchymal cells derived from 
post-menopausal osteoporotic donors, support-
ing a role for leptin in determining 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 hav-
ing a positive effect on insulin sensitivity. Recent 
studies show that bone marrow-derived mesen-
chymal cells contain adiponectin receptors and 
also produce adiponectin [ 99 ,  100 ]. 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. Another recent study shows bone 
marrow adipose tissue itself may be the primary 
source of adiponectin under certain clinically rel-
evant conditions such as caloric restriction. 
Adiponectin secretion from the bone marrow fat 
affected skeletal muscle responses to caloric 
restriction, suggesting bone marrow tissue func-
tions in an endocrine manner [ 101 ]. 

 Dlk1/Pref-1 (Delta-like 1 or pre-adipocyte 
factor 1) is a secreted factor by adipocytic cells 
that belongs to the Delta/Notch/Serrate family. A 
number of recent studies have reported a regula-
tory role of Dlk1/Pref-1 in MSC biology and 
their differentiation to osteoblastic or adipocytic 
cells (For review pls see: [ 102 ]). Dlk1/Pref-1 
inhibits newly formed bone in ex vivo neonatal 
calvaria origin cultures while transgenic (Tg) 
mice that over-expressed Dlk1/Pref-1 under the 
collagen type I 3.6 Kb promoter exhibited 
decreases in both trabecular bone mass and bone 
formation rate [ 103 ]. Interestingly, histomor-
phometry and in vitro whole bone marrow cul-
ture assays for osteoclast differentiation, revealed 
marked stimulation of bone resorption in Dlk1-Tg 
mice and the effects on osteoclastic cells were 
mediated via osteoblast-dependent mechanism(s) 
through activation of the NF-kB signaling and 
increased osteoblastic production of a number of 
pro-infl ammatory, osteoclast- stimulating cyto-
kines . Serum levels of Dlk1/pref-1 are increased 
in a cohort of  postmenopausal  estrogen-defi cient 
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women and were positively correlated with serum 
levels of the bone resorption marker, CTx-I 
(C-terminal of type I collagen). Estrogen replace-
ment therapy in postmenopausal women led to 
reduction of serum Dlk1/pref-1 to the premeno-
pausal range and was associated with normaliza-
tion of bone turnover markers [ 104 ]. Finally, 
some recent studies have reported the presence of 
an inverse relationship between serum Dlk1/
pref-1 and BMD in Estrogen defi cient patients 
with anorexia nervosa [ 105 ]. 

 Resistin, another adipokine associated with 
insulin resistance [ 106 ], is also expressed in bone 
marrow-derived mesenchymal cells [ 107 ]. 
Resistin levels are inversely related to bone den-
sity [ 108 ] in aging men, suggesting a role for 
resistin in determining bone formation. Although 
the mechanism of action of these adipokines is 
not well understood, the relationship between 
bone and fat formation make these proteins an 
important target for therapeutic intervention. 

 In pre-clinical rodent models, defi ciencies in 
the nuclear envelope protein, Lamin A/C, have 
been found to cause increased adiposity within 
bone and muscle [ 109 ]. This correlated with 
increased expression of the adipogenic transcrip-
tion factors C/EBP and PPARγ and decreased 
expression of β-catenin and Wnt10b in both bone 
and muscle [ 109 ]. Consistent with these observa-
tions, mutations in the human lamin A/C gene 
have been associated with lipodystrophy, muscu-
lar dystrophy, and skeletal abnormalities [ 109 ]. It 
remains to be determined if this nuclear envelop 
structural protein encoding gene is involved in 
age-dependent osteoporosis and sarcopenia. 

 A recent clinical trial has examined the 
impact of a bisphosphonate on marrow adipo-
genesis in post-menopausal women [ 110 ]. 
Following 3 years of treatment, women receiv-
ing risedronate displayed reduced marrow adi-
pose volume and adipocyte numbers relative to 
placebo  controls based on histology [ 110 ]. This 
was paralleled by decreased expression of 
PPARγ [ 110 ]. Since bisphosphonates can inhibit 
osteoclast activity, cause osteoclast apoptosis, 
and induce osteoblast differentiation, any or all 
of these activities may account for the drug’s 
mechanism of action [ 110 ]. 

    Why Fat? 

 The role of adipocytes in the bone marrow cavity 
remains an area of active investigation and specu-
lation [ 79 ]. 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 new-
born 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 hematopoi-
etic stem cell support, through the release of 
regulatory cytokines and the surface expres-
sion of HSC adhesion factors, and/or osteo-
genesis and mineralization (Active Role).   

   (e)    That adipocytes provide bone with mechani-
cal advantages to withstand stresses associ-
ated 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 spe-
cifi 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 
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 temperature 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 win-
ter without signifi cant loss of body mass or func-
tion. Brown adipocytes express transcriptional 
regulators (Myf5, Pax7, PRDM16) linking their 
origins more closely to the skeletal muscle lineage 
rather than white adipocytes [ 112 ,  113 ]. These cis-
acting factors drive the downstream expression of 
uncoupling protein 1 (UCP1), a thermogenic pro-
tein within the mitochondria which historically 
has been employed as the quintessential BAT bio-
marker [ 114 ]. Bone marrow adipose tissue dis-
plays some features 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) con-
tained more marrow fat than the vertebra and ribs 
(higher core temperatures) [ 115 – 117 ]. Further 
independent studies have confi rmed these initial 
fi ndings [ 118 ,  119 ]. In the armadillo, which has 
bony plates exposed close to the skin’s surface, the 
marrow cavity transitions between a red (hemato-
poietic) and yellow (fatty) phenotype in accor-
dance with the season and ambient temperature 
[ 119 ]. Comparable manipulation of the marrow 
fat can be achieved using hematopoietic stressors 
or stimuli. Under conditions of anemia, due to 
exposure to phenylhydrazine, prolonged hypoxia, 
or in response to sickle cell disease, adiposity 
within the marrow cavity is reduced [ 120 – 125 ]. 
Under conditions of artifi cial polycythemia 
(hypertransfusion), in contrast, marrow adiposity 
is increased [ 126 ]. Recent molecular studies have 
detected expression of PRDM16 and UCP1 in 

murine bone marrow adipocytes, consistent with a 
brown adipocyte phenotype [ 127 ]. Furthermore, 
these biomarkers were reduced in 24 month old 
mice as compared to younger controls [ 127 ]. 
Brown adipocyte markers have been detected in 
murine models of heterotopic ossifi cation and in 
bone- like formations in human atherosclerotic 
vessels and valves [ 128 – 131 ]. While these studies 
are suggestive, there remains a need for defi nitive 
studies identifying brown adipocyte markers in 
human marrow adipose specimens.

   Nevertheless, bone marrow adipose tissue dis-
plays some features in common with white adi-
pose tissue (WAT). In some species, such as 
rabbit, bone marrow fat plays an active role in 
clearing chylomicrons and triglycerides from the 
circulation [ 132 ,  133 ]. Under conditions of 
extreme starvation in animal models, bone mar-
row adipose depots are depleted to an extent 
equivalent to WAT [ 134 ]. However, in human 
subjects, anorexia is paradoxically associated 
with increased levels of marrow adiposity [ 135 ]. 
Pre-clinical studies in murine models confi rm 
that severe caloric restriction results in increased 
adipogenesis within the bone marrow at the 
expense of bone formation [ 136 ]. Thus, the mar-
row adipocytes do not exclusively exhibit the 
behavior of extramedullary white adipocytes 
under all conditions. 

 A third adipocyte sub-type merits consider-
ation in the context of the bone marrow microen-
vironment. Recent investigations have identifi ed 
a novel class of Beige or Brite (BRown/whITE) 
adipocytes [ 137 ,  138 ]. Like white adipocytes, 
beige cells are not directly related to the skeletal 
muscle lineage and lack expression of  Pax7  or 
 Myf5  [ 137 ,  138 ]; however, unlike white adipo-
cytes, beige cells can express  PRDM16 , thereby 
inducing the downstream thermogenic protein, 
UCP1 [ 137 ,  138 ]. Classically, adipose biologists 
thought that adult humans lacked functional 
brown adipose tissue. This concept was chal-
lenged by PET scan fi ndings identifying thermo-
genic adipose depots in adult human subjects and 
these have been attributed, in part, to the differen-
tiation of beige adipocytes within white adipose 
tissue depots [ 139 – 141 ]. Recent pre-clinical 
murine studies have linked the induction of beige 

   Table 2.3    Adipose tissue depots in man [ 111 ]   

 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 

  With Permission  
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adipocytes to increased bone mass and it is postu-
lated that paracrine factors derived from the beige 
adipocytes are responsible [ 142 ]. Further studies 
will be needed to determine if beige adipocytes 
contribute to human bone metabolism.   

    What Makes It Bone vs. Fat? 

  Genetic factors  exert considerable infl uence 
over the physiology and pathology of MSC dif-
ferentiation and bone formation or loss. Specifi c 
genes have been identifi ed that are associated 
with exceptionally strong or weak bone pheno-
types. An example is that of LDL-receptor 
Related Protein 5 (LRP5), which functions as a 
receptor for the Wnt signal transduction path-
way. In families with a dominant negative 
mutation in LRP5, inheritance of the gene leads 
to a condition known as osteoporosis-psuedo-
glioma associated with defective bone forma-
tion [ 64 ]. Likewise, in families with a 
constitutively active mutation in LRP5, inheri-
tance gives subjects a bone phenotype that 
appears to be impervious to fracture [ 90 ,  143 ]. 
These clinical fi ndings are consistent with  in 
vitro  and  in vivo  murine studies. Activation of 
Wnt signaling transduction inhibits the adipo-
genic pathway in cell models [ 87 ,  88 ]. 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 [ 93 ]. 
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 investigation. Nevertheless, there is little 
evidence that this phenomenon is due to 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 

 individual’s level of high impact exercise corre-
lates with increased bone formation and bone 
strength. Weight bearing activities, such as gym-
nastics 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 ill-
ness who are bed-ridden, a condition more fre-
quently observed in aged populations, are therefore 
at increased risk of osteoporotic changes. With 
prolonged space fl ight, physicians and investiga-
tors have determined that weightlessness is detri-
mental to osteogenesis. The net bone loss may 
refl ect both osteoblastic bone formation and/or 
enhanced osteoclastic bone resorption. A recent 
study in mice demonstrated that exercise can 
reverse the effect of a high fat diet on bone marrow 
fat accumulation. High fat-fed mice that were 
given access to a running wheel had limited bone 
marrow fat accumulation and enhanced bone for-
mation [ 144 ], providing further support for the 
role of exercise in preserving bone mass and limit-
ing the amount of bone marrow fat with aging. 

 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 out-
doors 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, since 
many elderly reduce their intake of dairy prod-
ucts 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 anti-
oxidants have been linked to osteoblast differen-
tiation and longevity (see apoptosis). Conjugated 
linoleic acid (CLA), a component of animal fats, 
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has been found to reduce adipose tissue depots in 
animal models [ 145 ]. Independent studies indi-
cate that CLA can increase bone mass [ 146 ] and 
this appears to be mediated through effects inhib-
iting the formation and activation of osteoclasts 
via the RANKL signaling pathway [ 147 ]. In a 
similar manner, diets containing fi sh oil (rich in 
omega-3 fatty acids) protected vertebral bone 
mass in wild type aging mice relative to diets 
containing saffl ower oil (rich in omega-6 fatty 
acids) [ 148 ]. Furthermore, PPARγ mediated the 
omega 3 fatty acid effect since mice with a con-
stitutively active PPARγ genotype lacked a dif-
ferential response between the fi sh and saffl ower 
oil diets [ 148 ]. These pre-clinical fi ndings sug-
gest that similar genotypic polymorphisms in 
nuclear hormone or other receptors may account 
for patient-to-patient variation in bone response 
to dietary interventions [ 148 ]. 

 When dietary nutrition leads to a state where 
net energy consumption exceeds energy demands, 
it often results in  obesity . While obesity mani-
fests as an abundance of extramedullary white 
adipose tissue, it correlates with enhanced bone 
mass [ 149 ]. Several factors may account for this. 
First, with increased weight, an individual’s skel-
eton is forced to bear greater loads. Biomechanical 
stimuli may enhance bone formation relative to 
bone resorption. Second, obesity alters circulat-
ing hormone levels, directly or indirectly. 
Adipocytes express aromatase, allowing these 
cells to generate estrogenic-like compounds 
[ 149 ]. Adipocytes secrete insulin-like growth 
factors and obesity is associated with hyperinsu-
linemia secondary to insulin resistance, both of 
which can lead to bone protection; clinical analy-
ses support this hypothesis [ 149 ]. Obesity has 
also been associated with elevated levels of para-
thyroid hormone [ 150 ]. Third, adipokines such as 
leptin have been associated with positive effects 
on osteoblast differentiation and mineralization 
in murine  in vitro  and  in vivo  models while inhib-
iting adipogenesis [ 151 ,  152 ]. These leptin effects 
seem to be mediated through peripheral mecha-
nisms acting locally within the marrow microen-
vironment. Independent studies suggest that 
leptin administered by intra-ventricular injection 
causes bone loss through centrally mediated 

mechanisms involving the hypothalamus [ 153 , 
 154 ]. 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 associ-
ated with BMSCs differentiation and altered bone 
mineral density. Unlike other adipokines, adipo-
nectin decreases with obesity [ 155 ]. When added 
to murine bone marrow stromal cells, adiponectin 
inhibited adipocyte differentiation through a 
COX2 mediated pathway [ 156 ]. Transgenic mice 
over-expressing adiponectin displayed increased 
bone mass due to enhanced osteoblast activity 
and suppressed osteoclast function [ 157 ]. Both 
adiponectin and its receptors have been detected 
in human BMSCs [ 99 ] and adiponectin levels 
have been inversely correlated to bone mineral 
density in clinical studies [ 155 ,  158 ]. As with 
leptin, the mechanism of adiponectin actions will 
require further investigation. 

 Although obesity correlates with increased 
bone mass, accumulating evidence challenges the 
perception that obesity-related increases in bone 
mass protect against fractures in aging individu-
als. Epidemiologic studies fi nd an increased risk 
of fracture in obese men and women [ 159 ], but 
the effect of obesity on the risk of fractures 
depends on several factors, including upper ver-
sus lower extremity fracture sites, sex, age and 
ethnicity (reviewed in [ 160 ]). There is emerging 
evidence in murine models of obesity that bone 
quality is not enhanced by the higher bone mass 
[ 161 ] and other studies indicate that the produc-
tion of pro-infl ammatory factors from adipose 
tissue may contribute to a negative effect of obe-
sity on bone health [ 162 ]. 

 Murine models have also established that 
bone remodeling is linked to insulin-mediated 
responses in osteoblasts and that bone resorption 
affects systemic insulin sensitivity [ 163 ,  164 ]. 
Insulin stimulates bone remodeling in a complex 
series of steps that initiate in osteoblasts and 
favor differentiation of bone resorbing osteo-
clasts. The insulin resistance associated with high 
fat diet-induced obesity also occurs in bone and 
leads to increased bone mass, primarily due to 
decreased numbers of osteoclasts [ 165 ]. 
Likewise, there is evidence that commonly used 
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treatments for osteoporosis may increase fasting 
glucose levels [ 166 ]. Together, these fi ndings 
raise important questions about the relationship 
between bone health and insulin sensitivity in the 
obese aging population. 

  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 periosteal diame-
ter) after menopause. The increase in size is 
caused by increased periosteal apposition, which 
partially preserves strength [ 167 ]. 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 trabecular bone. Postmenopausal 
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 [ 168 ]. It is clear that the loss 
of ovarian function causes dramatic changes to 
bone marrow cell activity as well as extramedul-
lary cell activity. In addition, menopause results in 
quite dramatic changes in susceptibility to certain 
diseases such as cardiovascular disease. It is com-
plex 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 appears 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 
mononuclear 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 [ 169 ]. 
There is now a large body of evidence suggesting 
that the decline in ovarian function with meno-
pause is associated with spontaneous increases 
in pro- infl ammatory cytokines. The cytokines 
that have obtained the most attention are IL-1, 
IL-6, GM-CSF, and TNF-. The exact  mechanisms 

by which estrogen interferes with cytokine activ-
ity are still incompletely known but may poten-
tially include interactions of the estrogen receptor 
with other transcription factors, modulation of 
nitric oxide activity, antioxidative effects, plasma 
membrane actions, and changes in immune cell 
function. Experimental and clinical studies 
strongly support a link between the increased 
state of pro-infl ammatory cytokine activity and 
postmenopausal bone loss [ 170 ] 

 The production of interleukin-6 by stromal–
osteoblastic cells, as well as the responsiveness 
of bone marrow cells to cytokines such as inter-
leukin- 6 and interleukin-11, is regulated by sex 
steroids. When gonadal function is lost, the for-
mation of osteoclasts as well as osteoblasts 
increases in the marrow, both changes apparently 
mediated by an increase in the production of 
interleukin-6 and perhaps by an increase in the 
responsiveness of bone marrow progenitor cells 
not only to interleukin-6 but also to other cyto-
kines with osteoclastogenic and osteoblastogenic 
properties. This is supported by both in vitro and 
ex-vivo experimental data. Osteoclast formation 
in response to either interleukin-6 in combination 
with the soluble interleukin-6 receptor or inter-
leukin- 11 is signifi 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 inter-
leukin- 6 signal of the same magnitude. These 
fi ndings indicate that not only the production of 
the osteoclast precursors but also their respon-
siveness to interleukin-6 (and to interleukin-11) 
is enhanced in a state of estrogen defi ciency. 

 Studies of the effect of ovariectomy on the 
f ormation of osteoblast progenitors in cultures of 
bone marrow suggest that loss of ovarian  function 
increased osteoblastic activity. The number of 
fi broblast CFU (colony forming units) is 
increased several-fold in ovariectomized mice. 
At this stage there is no mechanistic explanation 
for the observation that the formation of osteo-
clasts 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 
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the sensitivity of osteoblast and osteoclast pre-
cursors to several cytokine signals by modulating 
glycoprotein 130 [ 171 ]. It is clear that there is 
still considerable work to be done before we fully 
understand the control of marrow cell develop-
ment and activity under normal physiological 
condition and after menopause. It will be interest-
ing to understand whether sex steroids them-
selves positively drive activity and/or development 
of osteoclast and osteoblast progenitors and 
menopause results in the removal of this activity 
or, paradoxically, whether indeed gonadal ste-
roids inhibit/control bone formation and resorp-
tion 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 [ 3 ] (Table  2.4 ). 
Apoptosis is initiated by the activation of a pro-
teolytic enzyme cascade leading to cellular self- 
destruction. Unlike cell death due to necrosis, 
apoptotic cells death is characterized by cell 
shrinkage 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  [ 172 ]. To further address the mechanism, 
Weinstein, Jilka, and colleagues used an  in vivo  
murine model to examine the potential apoptotic 
effects of glucocorticoids [ 173 ]. Chronic treat-
ment with glucocorticoids activated apoptotic 

pathways in osteoblasts and osteocytes of the 
intact bone while reducing osteoblastogenesis 
[ 173 ]. Additional causes of osteoblast and 
 osteocyte apoptosis have been identifi ed. 
Thiazolidinedione compounds, known ligands 
for the peroxisome proliferator activated receptor 
γ adipogenic transcription factor, stimulated 
osteoblast and osteocyte apoptotic events when 
administered to mice [ 174 ]. In rodents main-
tained under conditions simulating weightless-
ness, there was a rapid increase in the number of 
apoptotic osteoblasts within the bone; this was 
followed by increased numbers of osteoclasts 
and bone resorption [ 175 ]. The addition of AGEs 
to cultures of human MSCs led to increased num-
bers of apoptotic cells and this correlated with a 
reduced capacity for differentiation [ 176 ].

   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 [ 177 , 
 178 ]. Similar actions are displayed by the active 
form of vitamin D (1,25(OH) 2 D 3 ) [ 179 ] and cyto-
kines including TGFβ and those acting through 
the gp130 receptor pathway, such as IL-6 and 
oncostatin M [ 172 ]. 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 
[ 179 ]. Likewise, lipids such as α-linoleic acid 
blocked apoptosis in human bone marrow- derived 
MSCs exposed to TNFα or hydrogen peroxide 
[ 180 ]. It appeared that the α-linoleic acid prevented 

   Table 2.4    Cellular apoptosis in the marrow microenvironment   

 Cell type  Agonists  Antagonists 

 Osteoblast/osteocyte  Glucocorticoids & thiazolidinediones  Bisphosphonates, 1,25(OH) 2 D 3 , 
calcitonin 

 AGE  α-Linoleic acid 

 TNF  CD40 Ligand 

 Weightlessness  TGFβ, IL-6, PTH 

 Osteoclasts  Bisphosphonates 

 β3 integrin 

 Adipocytes  CLA  Glucocorticoids 

 TNF 

 Retinoic acid 
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the generation of reactive oxygen species and 
subsequent activation of the NFκB and c-jun 
N-terminal kinase pathways [ 180 ]. Finally, since 
osteoblasts express the TNF receptor- related sur-
face protein CD40, interaction with the CD40 
ligand serves to protect them from apoptosis initi-
ated by a variety of agents, including glucocorti-
coids, TNFα, and proteasomal activators [ 181 ]. 

 Despite these fi ndings, without apoptosis, 
bone formation may be impaired. Studies of mice 
defi cient in the enzyme caspase-3, critical to the 
apoptotic cascade, found that they displayed 
reduced bone formation  in vivo  and reduced bone 
marrow-derived MSC differentiation  in vitro  
[ 182 ]. These fi ndings could be mimicked using a 
caspase 3 inhibitor in wild type mice [ 182 ]. 
Biochemical studies implicated the TGFβ/Smad 
signal transduction pathway as the underlying 
mechanism [ 182 ]. Independent studies created a 
transgenic mouse over-expressing the bcl2 anti- 
apoptotic protein under an osteoblast-selective 
promoter [ 183 ]. While the osteoblasts isolated 
from the transgenic bone were resistant to 
glucocorticoid- induced apoptosis, the cells dis-
played reduced mineralization. The transgenic 
mice were smaller than their wild-type litter-
mates [ 183 ]. Thus, osteoblastic apoptosis is a 
complex phenomenon that may have both posi-
tive and negative effects on bone formation. 

 Apoptotic events infl uence the activity of 
other cell types within the bone marrow micro-
environment. Osteoclasts undergo apoptosis in 
response to bisphosphonates or in the absence 
vitronectin, the natural ligand for α3β1 integrin 
[ 184 ,  185 ]. Bisphosphonates are the accepted 
standard of care for the treatment of osteoporosis 
in the elderly. While few, if any, studies have 
been performed on bone marrow-derived adipo-
cytes, evidence from extramedullary adipocytes 
indicates that they are relatively resistant to 
apoptotic stimuli due to induced levels of bcl2 
[ 186 ]. Nevertheless, adipocytes undergo apopto-
sis in response to TNFα [ 187 ], although this 
occurs in a depot specifi c pattern; adipocytes 
from omental fat were more susceptible than 
those from subcutaneous fat [ 188 ]. The relative 
apoptotic sensitivity 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 [ 145 ,  189 , 
 190 ]. Some investigators postulate that pharma-
ceutical 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 mar-
row adipogenesis and enhancing osteoblast 
function [ 190 ].     
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      Calciotropic Hormones                     

     E.     Paul     Cherniack       and     Bruce     R.     Troen     

      The calcium – vitamin D – parathyroid hormone 
system plays a critical role in both health and dis-
ease. Despite longstanding acceptance of its 
importance in maintaining the skeleton, recent and 
accumulating data have signifi cantly enhanced our 
understanding of the pathophysiology of calcio-
tropic hormones in the setting of osteoporosis. 
Herein we review this information and make rec-
ommendations based upon 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 skel-
eton. 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 concen-
trations are tightly regulated. 

 Calcium is absorbed from the small intestine 
and kidney via both vitamin D dependent and 
independent pathways (Fig.  3.1 ). When calcium 
is abundant, vitamin D independent mechanisms 
are predominant. When calcium is scarce, vitamin 
D-dependent pathways are primarily utilized [ 1 , 
 2 ]. There is an age-related decrement in calcium 
absorption, and this appears in part to be due to 
widespread vitamin D insuffi ciency and frank 
defi ciency [ 3 ]. However, calcium absorption also 
declines in post-menopausal women independent 
of 25-hydroxycholecalciferol (25(OH) vitamin 
D) and parathyroid hormone (PTH) levels [ 4 ].
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       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, met-
abolic signaling, and protection against cardio-
vascular disease and neoplasms. The action of 
vitamin D on bone is complex. Vitamin D 
 regulates osteoblast differentiation and stimu-
lates expression of alkaline phosphatase and bone 
matrix proteins [ 1 ,  2 ,  5 ]. Vitamin D also stimu-
lates osteoclast formation via cellular interaction 
with osteoblasts and osteoclast cell precursors 
[ 6 ]. While vitamin D indirectly stimulates osteo-
clast 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 previtamin D3, which is quickly isomerized 
into vitamin D3 (cholecalciferol) (Fig.  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 recep-
tor [ 3 ]. Low calcium stimulates the 1-α hydroxyl-
ation of 25-hydroxycholecalciferol by CYP27B1. 
Abundant calcium stimulates the enzymatic con-
version of 25-hydroxycholecalciferol to 24,25-
(OH) 2 D 3  and 1,25-dihydroxycholecalciferol to 
1,24,25-(OH) 3 D 3  by CYP24. Conversely, 
increases in 1,25-dihydroxycholecalciferol 
inhibit and upregulate the action of CYP27B1 
and CYP24, respectively. Therefore calcium and 
calcitriol work in opposition to regulate both the 
increased production of calcitriol and its meta-
bolic degradation [ 3 ,  8 ] (Fig.  3.3 ).

    The amount of sunlight capable of causing a 
mild sunburn stimulates the production and 
release into the circulation of 10,000–20,000 IU 
of vitamin D in the following 24 h [ 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 ]. 
Since the production of vitamin D depends upon 
the extent of ultraviolet 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) pro-
duces less than half of the cholecalciferol pre-
cursor, 7- dehydrocholesterol, than does the skin 
of younger individuals (age 8–18) [ 13 ]. Many 
elderly individuals consume suboptimal 
amounts of vitamin D and calcium [ 14 ,  15 ]. 
There are relatively few dietary sources of vita-
min 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 intes-
tine through a bile- dependent mechanism. 
However, defi cient consumption of dairy prod-
ucts, and high intake of high-protein, low cal-
cium-containing foods has been implicated as 
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  Fig. 3.2    Vitamin D metabolism (Adapted from Ramasamy 
[ 1 ])       

Vitamin D 25(OH)D3

1,25(OH)2D3

Calcium homeostasis
Neuromuscular

Bone health
Glucose homeostasis

BP regulation
CV function

Prostate, Colon,
Breast, Immune
cells

1,25(OH)2D3

Regulation of cell
growth

(cancer prevention)
Immunomodulation

(inflammation &
automimmunity)

  Fig. 3.3    Biologic functions of vitamin D (From Holick [ 3 ])       

 

 

E.P. Cherniack and B.R. Troen



45

factor for lack of calcium intake [ 16 ,  17 ]. 
Lactose intolerance and low socioeconomic sta-
tus also appears to contribute to poor calcium 
intake [ 18 ,  19 ]. Therefore, decreased vitamin D 
production and consumption act in concert to 
predispose 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, but levels of 
25(OH) vitamin D below 30 ng/ml are now con-
sidered 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 due to the seasonal changes in sun and 
ultraviolet 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 ultraviolet radiation induced production of 
vitamin D [ 29 – 32 ]. In one study, there was no 
difference between veiled and unveiled women 
[ 33 ]. However, approximately 80 % in both 
groups had 25(OH) vitamin D levels below 
16 ng/ml. 

 Lower vitamin D levels are more common 
among blacks, and blacks have lower bone min-
eral 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 <20 ng/ml versus 8–33 % of 
non-Hispanic whites. Many African-Americans 
do not achieve 25(OH) vitamin D levels ≥ 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. Supplementation 
with cholecalciferol of up to 2000 IU daily in 
which African American women did not improve 
their bone mineral densities, although their mean 
25(OH) vitamin D levels increased from 18.76 to 
28.32 ng/ml [ 37 ]. 

 The spectrum of vitamin D defi ciency disease 
in the skeleton extends 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 cal-
cium malabsorption, elevation of parathryoid 
hormone (PTH) level occurs to increase calcium 
absorption, and osteoporosis occurs, with bone 
remodeling and loss of osteoporosis. In a second 
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 cal-
cium entry via receptors in bone and small intes-
tine [ 43 – 45 ]. In several studies in which vitamin 
D in community-dwelling elderly was supple-
mented, a 10–30 percent reduction in non- 
vertebral fracture incidence was noted over 
several years [ 46 ,  47 ]. A study of 389 ambulatory 
elderly individuals supplemented 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 persons (mean age 84) 
who received 800 IU of cholecalciferol and 1.2 g 
of calcium for a year and a half experienced a 
43% lower incidence of hip fracture and a 32 per-
cent 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 
provided to more than 8000 older individuals 
with a previous history of fracture or risk factors 
for fracture in two trials lasting 2–5 years, frac-
ture 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 replace-
ment of vitamin D, different baseline levels of 
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vitamin D in the populations studied, and differ-
ences in the populations studied – particularly 
with respect to baseline bone mineral density, fall 
predisposition, and adherence to the regimen. 
Furthermore, neither studied 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 frac-
tures, 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 fracture in community 
dwelling women (OR – 0.71: confi dence interval 
0.52–0.97) who took greater 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 tis-
sues [ 54 ]. Vitamin D receptors are found in 
muscle, although their expression decreases with 
age [ 43 ]. Higher serum levels of 25(OH) vitamin 
D are correlated 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 mini-
mum 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 signifi cantly reduced 
falls, whereas 400 IU per day did not, although a 
study in community dwelling Danish demon-
strated 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 D 2 ) per day signifi cantly 
reduced falls, with a number needed to treat of 
only 12 [ 55 ]. This benefi t was even greater in 
compliant individuals with a number to treat of 
only 8. Fracture rates were not reduced, but the 
intervention was not powered to demonstrate 
such an outcome. 

 Vitamin D supplementation also improves 
balance. When over 100 subjects whose 25(OH) 
vitamin D levels were found to be less than 12 ng/
ml 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 
a 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 indi-
viduals age 60 and above, 25(OH) vitamin D lev-
els below 24 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. One 
thousand units 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 ]. No reduction in falls 
or fractures was observed in nursing home resi-
dents given 100,000 IU of ergocalciferol orally 
every 3 months [ 61 ]. However, the serum 25(OH) 
vitamin D levels of half of the ergocalciferol 
recipients remained below approximately 
30–32 ng/ml . Again, possible explanations for 
the lack of effect of vitamin D in some investiga-
tions include inadequate dose of vitamin D used, 
variation in baseline vitamin D level, differences 
in medication compliance, and (in the case of 
measurements of muscle strength) inadequate 
choice of assessment parameters [ 62 ]. 

 A majority of calciotropic hormone investiga-
tors maintains that 32 ng/ml remains the lower 
limit for an optimal human serum level of 25(OH) 
vitamin D [ 9 ,  63 – 67 ], representing the concentra-
tion above which most studies imply the maximal 
bone density and suppression of PTH occurs, and 
above which calcium absorption is raised [ 9 ,  67 , 
 68 ]. Although PTH serum levels diminish as vita-
min D increases, particularly in the elderly, the 
exact relationship between the two hormones is 
rather intricate [ 69 ,  70 ]. Some individuals, after 
sustaining a fracture of the hip, exhibit both low 
25(OH) vitamin D and PTH concentrations [ 71 ]. 
Others, particularly post-menopausal women, 
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retain normal PTH levels in the face of low 
25(OH) vitamin D levels [ 72 ,  73 ]. As many as 
74 % of those surveyed had normal serum PTH 
concentrations (8–73 pg/ml) despite 25(OH) 
vitamin D levels below 20 ng/ml. Other individu-
als, often female or elderly, termed “vitamin D 
resistant”, maintain high PTH levels despite suf-
fi cient vitamin D levels [ 74 – 78 ]. Markers of bone 
turnover, N-telopeptides, reach their nadir when 
serum vitamin D concentrations rise above 20 ng/
ml, while PTH achieves its lowest concentration 
when 25(OH) vitamin D concentrations rise 
above 50 ng/ml [ 79 ]. Post-fracture patients with a 
high vitamin D/PTH ratio achieve better func-
tional outcomes [ 80 ]. Racial variation can also 
occur; caucasians have higher vitamin D/PTH 
ratios than do blacks [ 81 ]. Increased adiposity 
and worse mobility correlate with a lower ratio 
[ 72 ,  73 ,  82 ], and greater intake of vitamin D aug-
ments the vitamin D/PTH ratio, particularly in 
the elderly [ 83 ]. 

 While few studies have investigated the rela-
tionship between vitamin D and calcium, maxi-
mum calcium absorption occurs when vitamin D 
serum concentrations exceed 32/ng/ml [ 67 ]. One 
study concluded that there was no relationship 
with calcium absorption and 25(OH) vitamin D 
levels, but the absorption did correlate with serum 
1,25 dihydoxy-vitamin D (calcitriol) concentra-
tion [ 84 ]. 

 Based on this evidence, and the results of 
patient investigations in which vitamin D reduced 
the probability of fractures, falls, improved bal-
ance, and epidemiologic investigations about the 
association between vitamin D and multiple 
health problems, both an Endocrine Society task 
force and a panel of international vitamin D 
experts recommended that people should main-
tain target vitamin D concentrations of at least 
30 ng/ml [ 63 ,  85 ]. 

 The Institute of Medicine published has rec-
ommended target serum concentrations of 
25(OH) vitamin D of at least 20 ng/ml, but not 
more [ 86 ] because they chose to limit the evi-
dence upon which they based their conclusion to 
those randomized, prospective controlled trials of 
vitamin D which utilized supplementation to 
reduce the incidences of falls and fractures. 

However, 25(OH) vitamin D levels as high as 
36 ng/ml correlated with increased bone mineral 
densities in older persons [ 87 ]. Furthermore, a 
survey of autopsy-derived bone biopsies noted 
impaired mineralization of the bone in cadavers 
at vitamin D levels below 30 ng/ml [ 88 ]. 

 Regardless of the precise serum concentration 
constitutes, inadequate vitamin D status appears 
to be a serious problem worldwide. Signifi cant 
numbers of individuals of all age groups (5–93 %) 
remain vitamin D insuffi cient even by the 
Institute of Medicine criterion [ 89 ]. An important 
correlate of the widespread nature of vitamin D 
insuffi ciency is its direct relationship to mortal-
ity. Several investigations demonstrate that lower 
mortality occurs in populations with higher 
serum vitamin D concentrations. A meta-analysis 
of 57,311 concluded that the risk of death 
declined with vitamin D supplementation (O.R. 
0.93 [95 % C.I. 0.87–0.99]) [ 90 ]. A second meta- 
analysis of 32,142 people reported a reduced 
mortality risk for an 8 ng/ml higher vitamin D 
concentration of 0.92 (95 % C.I. 0.89–0.95) [ 91 ]. 
A Cochrane systematic review of studies of 
94,148 subjects further noted that vitamin D sup-
plementation reduced mortality (relative risk 
0.97 95 % [0.94–1.00]) [ 92 ]. 

 Furthermore, a direct relationship exists 
between vitamin D and mortality in very old indi-
viduals. Among 12,203 Australian men at least 
age 65 who took part in a screening trial for 
almost 10 years, vitamin D insuffi ciency corre-
lated with total mortality (O.R. 1.20, 95 % CI 
1.02–1.42) [ 93 ]. Interestingly, both the lowest 
and highest quartiles of vitamin D concentration 
in 775 English women were associated with 
greater mortality [ 94 ]. 

 An important question regarding this relation-
ship is whether lack of vitamin D is a cause of 
greater mortality, or, alternatively that a higher 
burden of medical comorbidities ultimately lead-
ing to death results in a lower serum vitamin D 
concentration, perhaps as a manifestation of 
reduced ingestion or a lack of sunlight exposure. 
Some investigators interpret the failure of vita-
min D supplementation to prevent certain chronic 
diseases together with the aforementioned inverse 
relationship between vitamin D levels and 
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mortality to imply the latter [ 95 ,  96 ]. Other stud-
ies suggest that whether supplementation pre-
vents a given disease should not be taken as 
biologic evidence of repletion of a micronutrient 
at the cellular level [ 97 ], that the doses of vitamin 
D utilized in such trials may have been too low 
[ 98 ], that the methodology of the trials insuffi -
cient to draw the conclusion [ 99 ], and that studies 
are of too short duration to conclude that vitamin 
D impacted the development of chronic diseases 
[ 98 ,  100 ]. 

 Vitamin D may improve physical performance 
and prevent frailty. In 860 individuals all above 
age 55, increasing serum 25(OH) vitamin D con-
centrations correlated with better Short Physical 
Performance Battery Scores (0.61 units, 95 % 
C.I., p < 0.001 0.35–0.61) [ 101 ]. A daily supple-
ment of 4000 IU in 21 older individuals over age 
65 for 120 days increased intramyonuclear VDR 
concentration by 30 % and augmented muscle 
fi ber size by 10 % [ 102 ]. In a study of vitamin D 
and mortality, men with lower vitamin D serum 
concentrations were more likely to be frail at the 
start of the study (odds ratio, 1.96; 95 % confi -
dence interval [CI], 1.52–2.52), and more likely 
to develop frailty if none existed at baseline (O.R. 
1.56, 95 % CI 1.07–2.27) [ 93 ]. Very importantly, 
irrespective of frailty, low vitamin D levels were 
predictive of all-cause mortality (hazard ratio, 
1.20; 95 % CI, 1.02–1.42). 

 Supplementation in individuals with insuffi -
cient or defi cient 25(OH) vitamin D serum con-
centrations might ultimately prevent or treat 
individual pathologic conditions. But given the 
complex pathophysiology of all of these condi-
tions, supplementation may need to be offered 
closer to the onset of the process rather than years 
after the process has started. Furthermore, it may 
be unreasonable to expect this steroid hormone to 
eradicate intricate and longstanding pathology. 

 In order to measure the impact of vitamin D 
on health, using the correct technique and target 
is an important consideration. The effect of vita-
min D binding protein (VDBP) may infl uence 
serum vitamin D concentrations. Most serum 
25(OH) vitamin D is bound to VDBP. Although 
VDBP levels generally do not vary among indi-
viduals in good health, disease, ethnicity, and 

genetic factors infl uence VDBP concentrations 
and binding capacity [ 103 ,  104 ]. For example, 
blacks have both lower mean serum 25(OH) vita-
min D and VDBP concentrations than whites 
[ 105 ]. VDBP may also impact local cellular 
hydroxylation of 25(OH) vitamin D to its active 
form [ 106 ]. Johnsen et al. found that serum free 
and bio-available 25(OH) vitamin D exhibited a 
better correlation with bone mineral density in 
265 post-menopausal women than did total 
25(OH) vitamin D [ 107 ]. On the other hand, in 
2073 “healthy” adults ranging in age from 16 to 
98 years (mean 65.7), serum PTH appeared to be 
independent of VDBP [ 108 ]. Of note the mean 
25(OH) vitamin D concentration was 
27.58 ± 9.88 ng/ml, and “healthy” was not 
defi ned. Consequently more studies are needed to 
refi ne the relationships between 25(OH) vitamin 
D, PTY, and VDBP – particularly in various 
populations. 

 Given the potential of vitamin D to preserve 
health, in the face of remaining uncertainties 
regarding the effect of supplementation on indi-
vidual morbidities, the evidence about supple-
mentation inspires much debate. The potential 
advantages to supplementation continue to be 
numerous. Firstly, vitamin D prevents fractures. 
One decade ago, a meta-analysis of trials involv-
ing 5572 participants established that supplemen-
tation of as little as 700–800 IU daily reduced the 
incidence of fractures by 26 % [ 52 ]. In addition, 
as has been mentioned, there is at least evidence 
of an association between higher serum vitamin 
D concentrations and mortality. Furthermore, 
several studies have suggested that higher vita-
min D levels may be protective against colon 
cancer, metabolic syndrome, and possibly pros-
tate cancer and diabetes [ 109 – 113 ]. 

 Others have interpreted the evidence differ-
ently. One meta-analysis concluded that, for 
 multiple individual health outcomes, only the 
combination of vitamin D and calcium supple-
mentation in prospective trials for the prevention 
of multiple individual health outcomes reached 
the 15 % improvement threshold the authors set 
for signifi cance and only to avert fractures in 
institutionalized patients [ 96 ]. Some experts have 
criticized the methodology of the meta-analysis, 
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noting that it incorporated trials of low medica-
tion adherence, blinded and unblinded subjects, 
short duration, and that the 15 % threshold was 
too stringent [ 98 ,  99 ]. 

 They further suggest that, given supplementa-
tion is inexpensive, has a high threshold for tox-
icity, and the outcomes refl ect a long-term 
complex pathophysiology, the correct interpreta-
tion of the results of the trials is not that supple-
mentation in unnecessary, but ought to be initiated 
earlier in life and maintained for a long duration 
to prevent important adverse health outcomes 
[ 98 ,  99 ,  114 ]. 

 If one would assume that treating insuffi -
ciency is warranted, an important related issue is 
whether one should screen populations for insuf-
fi ciency. A recent systematic review by the US 
Preventative Task Force maintained that there is 
not enough evidence yet to determine whether 
asymptomatic people should be screened, based 
on the lack of studies comparing both screened 
and unscreened populations, and, more contro-
versially, on its conclusion that treatment has 
only proven benefi t in institutionalized patients in 
preventing falls [ 115 ,  116 ]. This analysis has 
been criticized for its reliance on studies with low 
doses of vitamin D supplementation [ 97 ]. 
Another potential rationale against screening that 
might be made by advocates for vitamin D reple-
tion is that it might be more cost-effective just to 
treat rather than screen. Although, as has been 
mentioned, there are no published trials compar-
ing populations to determine whether treatment 
without screening is more cost effective, cost- 
benefi t analyses might be performed to suggest 
which alternative would be optimal. 

 Several current trials may confi rm the benefi t 
of supplementation of higher doses of vitamin D 
on human health. In the VITAL-Bone health trial, 
the effect of 2000 IU over 25,000 elderly partici-
pants receive a combination of vitamin D and 
omega A-3 fatty acids, and their impact on frac-
tures will be analyzed [ 117 ] In addition, the 
VIVA study is exploring the effect of 4000 IU a 
day on the physical performance of elderly veter-
ans, as measured by the Short Physical 
Performance Battery [ 118 ]. Finally, the VDOP 
study will ascertain the impact of three different 

doses of vitamin D (12,000 IU, 24,000 IU. and 
48,000 IU monthly) on 375 individuals at least 
age 70 for 1 year on bone mineral density (the 
impact of vitamin D on which has thus far yielded 
positive but controversial results) [ 119 – 121 ], 
serum 25(OH) vitamin D, PTH, falls, and frac-
tures [ 122 ].  

    Parathyroid Hormone 

 PTH is an eighty-four amino acid polypeptide 
that maintains normal extracellular calcium 
through its action on the bone, kidney and the 
intestines (Fig.  3.4 ). PTH is released from the 
parathyroid gland in response to insuffi cient cal-
cium 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, including IGF-1, TGF-ß1 and TGF-ß2, 
as well as IL-6 [ 123 ,  124 ]. Persistent elevation of 
PTH stimulates osteoclast formation, in part via 
enhancing the expression of RANK ligand by 
osteoblasts, which plays a critical role in the dif-
ferentiation and activation of osteoclasts [ 125 ]. 
This, in turn, leads to osteoclastic bone resorp-
tion, and the release of calcium from the skeleton 
[ 126 ]. Historically, parathyroid hormone has 
long been conceived of as a catabolic agent that 
contributes to bone destruction and loss of bone 
mineral density. However, the normal physio-
logic role of PTH depends upon its intermittent 
secretion and subsequent action as an anabolic 
agent [ 126 ]. As long ago as 1980, Reeve et al. 
reported that intermittent injection of exogenous 
PTH in humans stimulated signifi cant new bone 
formation [ 127 ]. Daily subcutaneous injection of 
PTH increases lumbar spinal and femoral bone 
mineral density both in postmenopausal women 
and in men with osteoporosis [ 128 ,  129 ]. PTH 
reduces vertebral and nonvertebral fractures in 
post-menopausal women [ 128 ]. PTH treatment 
can also reverse the loss of bone in glucocorticoid- 
induced osteoporosis in postmenopausal women 
[ 130 ]. Unlike anti-resorptive therapies such 
as estrogen, raloxifene, bisphosphonates, and 
calcitonin that inhibit bone resorption, PTH 
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stimulates new bone formation. PTH enhances 
bone quality and bone strength by increasing tra-
becular connectivity [ 131 ] and the cross sectional 
area of the bone [ 132 ]. Furthermore, PTH stimu-
lates deposition of bone in appropriate locations 
in the skeleton, on those surfaces that are subject 
to mechanical forces [ 133 ]. Therefore, new bone 
is formed where it is needed. PTH has multiple 
actions on the kidney. It causes retention of cal-
cium by the cortical thick ascending limbs, distal 
convoluted collecting and connecting tubules. 
PTH also stimulates the 1α hydroxylation of vita-
min D, and excretion of phosphate [ 1 ]. In addi-
tion, 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 ,  78 ,  134 ,  135 ]. With progres-
sive increase in 25(OH) vitamin D levels, there 
appears to be a plateau in the suppression of PTH 
that occurs at approximately 30–36 ng/ml 
25(OH) vitamin D [ 20 ,  23 ,  135 – 137 ]. This sug-
gests 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 [ 78 ]. Kudlacek et al. found that 25(OH) 
vitamin D levels were inversely correlated with 
PTH levels and that PTH levels exhibited a sig-
nifi cant age-related increase [ 27 ]. For any given 
level of 25(OH) vitamin D, older subjects exhibit 
greater levels of PTH [ 76 ]. Older adults require 
25(OH) vitamin D levels of greater than 40 ng/ml 

to suppress PTH to the same degree observed in 
younger subjects with 25(OH) vitamin D levels 
near 28 ng/ml [ 78 ]. Other causes of secondary 
hyperparathyroidism include declining renal 
function, estrogen defi ciency, and low calcium 
intake [ 138 ]. 

 Sahota et al. found that only half of hip frac-
ture patients with a 25(OH) vitamin D 
level < 12 ng/ml exhibited secondary hyperpara-
thyroidism [ 139 ]. They characterized the remain-
ing hypovitaminotic D patients with 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 ≤ 12 ng/ml, that only one-third exhibited 
secondary hyperparathyroidism [ 69 ]. 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 
hypovitaminotic D patients exhibited secondary 
hyperparathyroidism [ 77 ], and in two additional 
investigations less than half the patients who had 
both fractured their hip and were hypovitaminotic 
D had an elevated PTH [ 140 ,  141 ]. In these sub-
jects, PTH level did not inversely correlate with 
vitamin D level. Consequently, the feedback sen-
sitivity of the vitamin D-PTH axis appears to be 
reduced with aging and/or disease. It is possible 
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that a concomitant magnesium defi ciency plays a 
role in altering the response of PTH to hypovita-
minosis D [ 142 ]. It is unclear what the implica-
tions are for these two distinct populations of 
elderly patients with vitamin D defi ciency (high 
and low PTH) are for the pathogenesis of osteo-
porosis and its treatment. 

 These data suggest that caution may need to 
be exercised in using PTH as an indicator of vita-
min D status, because the PTH response to hypo-
vitaminosis 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 
suppression in PTH in response to vitamin D 
supplementation by measuring both the pre- and 
post-treatment levels. However, controversy 
exists on the utility of measuring PTH to deter-
mine 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 [ 143 ], whereas 
Vieth argues that PTH levels continue to decline 
as 25 (OH) vitamin D levels increase [ 144 ]. 

 Calcium intake also infl uences the relation-
ship between PTH and vitamin D at lower vita-
min D levels. A study 2310 healthy individual 
from Iceland observed that at very low serum 
25(OH) vitamin D levels (<10 ng/ml), persons 
with lower calcium intakes had higher PTH lev-
els [ 145 ]. However at higher vitamin D levels, 
calcium intake did not signifi cantly infl uence 
PTH. The action of PTH may exhibit gender- 
related differences. Both men and women experi-
ence 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 [ 146 ]. 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 [ 147 ]. These differences may be 
explained by the difference in sex steroid levels 

between men and women [ 147 ]. Nevertheless, 
after controlling for age, Blain et al. still found 
that an increased level of PTH was most impor-
tant predictor of bone loss in men [ 148 ].  

    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 cal-
cium is diminished [ 149 ] Calcitonin may have 
actions on other systems such as the reproduc-
tive, central nervous, renal, respiratory, and gas-
trointestinal system, but not all its actions are 
known [ 1 ,  149 ]. Calcitonin prevents bone resorp-
tion, and can be stimulated by PTH. It inhibits 
osteoclast action and can cause apoptosis [ 150 ]. 
Half of all thyroidectomized men developed 
osteopenia in one study, and they exhibited lower 
serum calcium and higher PTH levels than con-
trol subjects [ 151 ]. However, the physiologic 
role of calcitonin is uncertain. There are no 
known pathologic states in humans that result 
from surplus or defi cient calcitonin [ 150 ]. Recent 
data strongly implicate calcitonin in maintaining 
bone integrity during excessive resorption dur-
ing lactation [ 152 ]. However, with that excep-
tion, calcitonin does not appear to signifi cantly 
contribute to normal skeletal homeostasis or 
pathophysiology.  

    Summary/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? Should vita-
min D binding protein concentrations and bio-
available 25(OH) vitamin D be routinely 
measured? Might other outcomes be needed? 
Potentially, these might include evaluation of 
handgrip, hip or leg strength, mobility and balance 
tests, or quality of life instruments. Further investi-
gation will determine what other markers might 
prove sensitive, specifi c, and cost- effective. Many 

3 Calciotropic Hormones



52

important questions remain to be answered about 
the role of vitamin D in the preservation of health 
for the elderly. What should be optimum recom-
mended daily and maximum recommended vita-
min D intake for elderly individuals? Despite the 
report by the Institute of Medicine, we believe that 
on average the recommended daily intakes of vita-
min D for the elderly are far too low, and that all 
older individuals should take as much vitamin D 
as needed to raise levels to between 32 and 40 ng/
ml [ 3 ,  109 ,  153 ,  154 ]. Moreover, supplementation 
will be necessary, since diet and sunlight alone are 
inadequate sources of vitamin D [ 9 ]. 

 How much vitamin D (cholecalciferol) 
should be taken? The present Food and Drug 
Administration 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 and 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 30 ng/ml and 
higher [ 154 ]. 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 hypercal-
cemia in 4 % of recipients [ 155 ]. Cholecalciferol 
supplementation is generally very safe and 
without toxicity in the absence of primary 
hyperparathyroidism, even with as much as 
10,000 IU per day [ 156 ]. There are no adverse 
effects with concentrations of 25(OH) vitamin 
D less than 56 ng/ml [ 156 ], and there is evi-
dence that increasing levels of 25 (OH) vitamin 
D up to 48 ng/ml is correlated with increased 
bone mineral density in both non-Hispanic 
whites and in Mexican- Americans [ 35 ]. 
Furthermore, it is possible that vitamin D reple-
tion is necessary for optimal anti- resorptive 
therapy, as several reports have found poorer 
responses to bisphosphonates in post- 
menopausal women with vitamin D insuffi -

ciency [ 157 – 159 ], although one study found 
that vitamin D status did not affect the bone 
mineral density response to alendronate if 
administered concurrently with cholecalciferol 
and calcium [ 160 ]. As much as 2600 IU per day 
of vitamin D may be necessary to insure that the 
97% of the population is vitamin D replete [ 21 ], 
and more may be needed in the elderly. Indeed 
two 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 hypercalcemia [ 161 ,  162 ]. The key in the  frail 
elderly  is to monitor the response to supplemen-
tation by obtaining 25(OH) vitamin D levels 
every 3–4 months. 

 Since the incidence of osteoporosis differs by 
gender, age, or race, future studies are needed to 
more clearly establish the best diagnostic and sup-
plementation approaches to hypovitaminosis D for 
different populations. In the meantime, a height-
ened awareness of the widely prevalent vitamin D 
insuffi ciency will permit us to more actively inter-
vene and to raise and maintain 25(OH) vitamin D 
levels to a minimum of 30 ng/ml.     
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      The Muscle-Bone Connection                     

     Marco     Brotto      ,     Janalee     Isaacson      , 
and     Eduardo     L.     Abreu     

          Mechanical Coupling of Bones 
and Muscles 

 The musculoskeletal system is extremely com-
plex. Contrary to the reductionist view that it is 
made up of only bones and muscles, the system is 
actually composed of bones, skeletal muscles, 
nerves, blood vessels, tendons, ligaments, carti-
lage, joints, and other connective tissues. 

 Historically, the association between bones and 
muscles has been primarily seen as a mechanical 
coupling where one tissue, skeletal muscle, actively 
applies the load and another tissue, bone, receives 

the load and serves as the attachment site. This 
physiologic association supports the locomotion, 
protection, and the shape/form of animals. In recent 
years, we have begun to appreciate that the rela-
tionship between muscle and bone goes beyond 
this mechanical coupling; that these two tissues 
also function at a higher level through crosstalk sig-
naling that is important for their function. 

 The tight coupling between skeletal muscle 
and bone in animals begins during embryonic 
development with the formation of the paraxial 
mesoderm, which subsequently gives rise to 
somites that become muscles, bones, tendons, and 
other tissues [ 1 ]. The development of each of 
these tissues will be discussed later in the chapter. 
It is important to mention at the outset that as the 
skeleton develops, it has been postulated that 
muscle contraction in the fetus  contributes to skel-
etal growth and development and that skeletal 
adaptations in early postnatal life are driven by 
changing mechanical forces [ 2 ,  3 ]. Although 
exercise across all ages has proven benefi cial, 
clearly peak bone mass accrual during pre-puber-
tal growth is dramatically affected by exercise, or 
physical activity, and to a lesser extent thereafter 
[ 4 ]. Peak bone mass is achieved by both men and 
women by their third decade of life, with men 
having obtained more bone mass due to hormonal 
and other infl uences (i.e. diet, genetics, etc.). 
Human females begin to lose bone mass with a 
rapid loss phase occurring 2–3 years before meno-
pause and continuing until 3–4 years after the last 
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menses [ 5 ], then  experiencing a more gradual but 
steady decline. Males do not experience this same 
dramatic decline, but rather a gradual, steady 
bone loss beginning in their 50s and 60s [ 6 ] 
(Fig.  4.1 ). Individuals with reduced bone mass, as 
seen in osteoporosis, often also develop the 
reduced muscle mass and function, a condition 
known as sarcopenia. However, declines in bone 
mass do not fully explain sarcopenia, nor does 

muscle atrophy fully explain the totality of osteo-
porosis. This seeming mystery may be due in part 
to the use of bone mass and muscle mass as the 
predominant measures for osteoporosis and sar-
copenia. The assessments of bone quality and 
muscle function might better refl ect the physio-
logical basis for these diseases. However, these 
metrics are not in place to date, especially in the 
clinical arena.
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  Fig. 4.1    Aging-related 
changes in bone mineral 
mass of the radius and 
muscle width in the 
forearm in adult men 
and women (From 
Novotny et al. [ 7 ])       
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   The mechanical coupling of skeletal muscle 
and bone is visible. Bone adjusts its mass and 
architecture to changes in mechanical load and as 
contraction of skeletal muscle is essential for 
locomotion, it is obvious that muscle contrac-
tions apply load to the bone. This mechanical 
perspective implies that as muscle function 
declines, the result would be decreased loading 
of the skeleton, leading to a reduced bone mass. 
However, as noted above, the inability to account 
for totality of the changes in the musculoskeletal 
system based upon mechanical considerations, 
while important, is only a part of this major com-
plex problem. For example, it is not possible to 
explain the development of osteoporosis based 
solely upon the presence of sarcopenia (and vice- 
versa). These observations imply that beyond the 
mechanical coupling there must also be a bio-
chemical coupling. 

 As we will discuss in this chapter, it is now 
fully evident that muscle and bone produce fac-
tors that circulate and act on distant tissues, thus 
fulfi lling the classical defi nition of endocrine 
action. Surprisingly, it has only been recently that 
the action they have on one another has begun to 
be under careful investigation. Perhaps this over-
sight derives from the bias of mechanical cou-
pling and, until recent years, a lack of technology, 
testing abilities, and bioinformatics techniques. 
However, understanding this apparent endocrine 
crosstalk and biochemical coupling is an exciting 
new avenue of research with tremendous clinical 
potential.  

    Beyond Mechanical Coupling: 
Bone-Muscle Developmental 
and Genetic Coupling 

 Considering their common embryonic develop-
ment while forming from somites originating 
from the paraxial mesoderm, the intimate rela-
tionship and close coupling between the tissues 
that comprise the musculoskeletal system is 
therefore unquestionable [ 3 ]. Bone and muscle 
cells share a common mesenchymal precursor 
and their shared experience of organogenesis 
occurs through a fi rmly orchestrated network of 
genes and proteins during intrauterine 

 development. In fact, some of our own bias to 
accept a purely mechanical coupling between 
these two tissues derives from embryology. For 
example, it is the contraction of muscles in the 
developing embryo that contributes to the pro-
cess of skeletal development itself and clearly to 
the growth of the skeleton, as well as a host of 
adaptations in early postnatal life that result from 
the changing mechanical forces [ 2 ,  4 ]. 
Furthermore, even post-development, the imme-
diate results of muscle load can be discerned on 
bones, since they adjust their shape and mass to 
changes in load, and such load can be easily 
interpreted as coming from muscle contractions. 
We are obviously not suggesting that contracting 
forces do not play a major role, but rather, there 
are a number of additional infl uences to 
consider. 

 While universally accepted that bone and 
muscle develop embryologically as a unit, the 
underlying environmental cues that drive skeletal 
mass and other properties are regulated by a 
complex set of genetic factors. Heritability stud-
ies have estimated that from 40 to 80 % of the 
major skeletal phenotypes and muscle traits are 
related to genetics [ 8 – 11 ]. Thus, given the genetic 
and developmental closeness of these two tis-
sues, it seems highly likely that there would be 
some degree of shared genetic components 
underlying some of their phenotypes. The 
 identifi cation of these shared (i.e., pleiotropic) 
genetic cues are essential to promote the discov-
ery of the molecular/biochemical coupling that 
exists between muscle and bone, and serve as 
evidence that bone and muscle interact beyond 
mechanical. 

    Genome Wide Association Studies 
(GWAS) 

 Over the past decade, GWAS have produced sev-
eral candidate gene regions that show association 
with variations in a number of different human 
bone phenotypes and muscle traits. Even limiting 
the focus to a small sampling of the bone muscle 
phenotype GWAS [ 12 – 20 ] and bone phenotype 
GWAS [ 21 – 29 ] reported in recent years evidence 
of the powerful genetic coupling between these 
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tissues. An interesting question that arises is how 
mechanical forces during development interact 
with genetic signals. For example, do fetuses that 
have stronger intrauterine contractions produce 
genetic signaling that in turn favors the develop-
ment and formation of stronger bones and mus-
cles and a healthier musculoskeletal system? Or, 
are there specifi c genetic signals that lead to 
bones and muscles of higher mass and strength? 
Or, is it a combination of both possibilities? 

 Due to the development of new bioinformatics 
and statistical models, bivariate GWAS has been 
used to identify pleiotropic candidate genes/
single- nucleotide polymorphisms (SNPs); 
regions concomitantly associated with traits in 
both bone and muscle [ 13 ,  30 – 34 ]. These recent 
bivariate GWAS based studies, including both 
bone and muscle phenotypes, have revealed a 
short list of several novel potentially- pleiotropic 
candidate genes such as  GLYAT  [ 13 ],  HTR1E , 
 COL4A2 ,  AKAP6 ,  SLC2A11 ,  RYR3  and  MEF2C  
[ 31 ],  PRKCH  and  SCNN1B  [ 30 ];  HK2 ,  UMOD  
and two microRNAs  MIR873  and  MIR876  [ 34 ]. 

 The  MEF2C  gene encodes a potent transcrip-
tion factor (myocyte enhancer factor 2C) that was 
originally thought to be involved in cardiac and 
skeletal muscle development and was also used 
as a marker of myogenic cells in the somites [ 35 ]. 
Intriguing data has recently emerged with the 
development of the osteocyte specifi c mouse 
model of  Mef2C  deletion. These mice display 
increased bone density through a complex mech-
anism involving reduced Sost expression and 
increased osteoprotegerin (OPG) expression 
resulting in a reduced receptor activator of 
nuclear factor kB ligand (RANKL)/OPG ratio, 
and reduced osteoclastogenesis [ 36 ]. Therefore, 
the important roles of MEF2C in cardiac and 
skeletal muscle development, as well as in adult 
bone mass regulation, support the concept of 
shared genetic determinants in bone and muscle 
and in this case even beyond, since cardiac mus-
cle is also part of this  MEF2C  loop. 

 Another of the suggestive genes that emerged 
from the GWAS analyses was  METTL21C , which 
is highly expressed in muscle. Interestingly, it has 
been reported that there may be an association 
between the METTL21family of proteins and 

inclusion body myositis with Paget’s disease of 
bone [ 37 – 39 ]. The role of  Mettl21c  in myogene-
sis was explored using the murine skeletal mus-
cle cell line, C2C12. By silencing the activity of 
 Mettl21c  through the process of siRNA transfec-
tion, we demonstrated a signifi cant decrease in 
C2C12 myogenesis as evidenced in the reduced 
fusion index, smaller myotube cell area, and 
decreased calcium release from the sarcoplasmic 
reticulum when compared to negative controls 
(Fig.  4.2 ).

   To study the impact of  Mettl21c  on bone cells, 
the osteocyte cell line MLO-Y4 was used. We 
found that a partial knockdown of  Mettl21c  in 
MLO-Y4 cells led to an increased dexamethasone- 
induced cell death. These fi ndings further support 
the concept that bones and muscles share genetic 
determinants, and that it is through the modula-
tion of specifi c factors that lead to the phenotypic 
and functional effects (Fig.  4.3 ).

   Myostatin ( MSTN ), or growth and differentia-
tion factor 8 ( GDF8 ), is a member of the TGF-β 
superfamily and is a muscle-derived factor (myo-
kine) that circulates in the blood, making it an 
attractive candidate for muscle-bone endocrine 
signaling [ 40 ,  41 ]. The deletion and/or  mutations 
in myostatin lead to muscle hypertrophy or “dou-
ble muscling” in animal models [ 42 – 47 ] and in 
humans [ 48 ]. This is a prime example of how a 
mutation assumed to be restricted to one tissue 
can lead to altered properties in another (Fig.  4.4 ). 
In this case, the loss of myostatin not only leads 
to muscle doubling, but also leads to a general-
ized increase in bone density and strength [ 49 ]. A 
question that could lead to major mechanistic 
insights is how does myostatin exert its effects on 
bone? Possible explanations include direct effects 
of mechanical loading of bone due to the 
increased muscle mass, indirect action by regu-
lating hepatic production of IGF-1 [ 50 ], or some 
other unknown mechanism. While the IGF-1 and 
GH axis is an important mechanism to be pur-
sued due to its effects on age-related changes in 
bone and skeletal muscle [ 51 ], a tantalizing pos-
sibility is that larger volume muscles might 
release relatively larger amounts of  myokines, 
which in turn reach the bone cells via the cana-
licular system, exerting anabolic effects on bone. 
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The possibility of this endocrine-like crosstalk, 
along with the promise of novel and impactful 
therapeutic interventions, has motivated research 
to be conducted in this area.

       Disease Conditions with Multiple 
Tissue Effects 

 The endocrine interactions that are being discov-
ered through the effects of bone cell secreted fac-
tors and myokines go well beyond the 
musculoskeletal unit. Recent fi ndings have sup-
ported the interconnection of bone, muscle, and 
adipose tissue. The striking rise of chronic 
 diseases such as diabetes, metabolic syndrome, 
and obesity seem to closely parallel the rise in the 

prevalence of sarcopenia and osteoporosis, par-
ticularly in the elderly population [ 52 ]. The mus-
culoskeletal system is the largest organ system of 
the body. If we embrace the concept that bone, 
tendon, and muscle all produce and secrete a 
myriad of factors, and that they infl uence not 
only each other but also multiple organs and 
overall body metabolism, it makes sense that 
when the musculoskeletal tissues become less 
effective with aging, organs throughout the body 
would also be effected. With fewer bone-derived 
factors (osteokines) and fewer myokines being 
secreted, it is logical to expect changes in fat 
metabolism, as well as kidney function, and even 
testosterone levels; thereby translating into mul-
tiple organ effects that are normally interpreted 
as “aging consequences”. This new view not only 
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  Fig. 4.2    Partial silencing of Mettl21c reduces fusion 
index, myotubecell area, and calcium release from the sar-
coplasmic reticulum. ( a ) Representative fl uorescence 
images of DAPI‐stained nuclei ( blue ) and MHC antibody 
( green ) of C2C12 at 3 days of differentiation after trans-
fection: ( a ) negative control; and ( b ) Mettl21c‐siRNA–
treated C2C12 cells. ( b ) Summary data show that the 
Fusion Index in Mettl21c‐siRNA–treated C2C12 cells 
decreased signifi cantly compared to negative control 
(p < 0.05). ( c ) Summary data show that myotubecell area 

in Mettl21c‐siRNA–treated C2C12 cells drastically 
decreased compared to negative control (p < 0.0001). ( d ) 
Representative calcium transients induced by 20 mM caf-
feine ( arrow ) on C2C12 myotubes loaded with Fura‐2/
AM. In Mettl21c‐siRNA–treated C2C12 myotubes at day 
5 of differentiation, compared to negative control, the 
amplitude peak calcium response to caffeine was signifi -
cantly decreased and the relaxation phase of the transient 
was shorter (p < 0.01). DAPI.4,6‐diamidino‐2‐phenylin-
dole; MHC.myosin heavy chain (From Huang et al. [ 38 ])       
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helps to explain some of the multiple organ 
decline in function, but could also lead to new 
therapies related to the endocrine function of 
bone and muscle.  

    The Unique Case of Fracture Healing 

 An intriguing and well documented observation 
that cannot be ignored in the context of bone- 
muscle interactions is the observation that in 

open fractures, where muscle injury is also exten-
sive or where muscle atrophy develops, fracture 
healing is signifi cantly impaired [ 53 – 56 ]. Rodent 
models of fracture have supported the concept 
that muscle secretory activity aids in the process 
of fracture healing. For example, a signifi cant 
difference (i.e., lesser healing) was found in rats 
with fractured femurs when their quadriceps 
muscles had also been paralyzed by botulin injec-
tions [ 57 ]. In mice with tibial open fracture, 
Harry et al., reported that when the  fracture area 
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  Fig. 4.3    Partial knockdown of Mettl21c in MLO‐Y4 
osteocytes increased cell death induced by dexamethasone. 
( a ) Representative image of MLO‐Y4 osteocytes 24 h after 
transfection of All Star negative control siRNA(200 nM): 
( a ) phase contrast image; ( b ) fl uorescent image of tagged 
siRNA; both images were taken from the same area; ( c ) 
merging of ( a ) and ( b ). ( b ) Summary data of cell death in 
MLO‐Y4 cells transfected with Mettl21C siRNA, with and 
without Dextreatment. Cell death was detected 48 h after 

treatment by trypanblue exclusion assay (Dexincreased cell 
death under all conditions; and Mettl21c knockdown 
induced cell death levels higher than Dexalone, p < 0.05). 
( c ) The nuclear fragmentation assay shows: ( a ) absence of 
nuclear blebbingin control MLO‐Y4 cells as compared 
with ( b ) enhanced blebbingin the siRNA‐treated MLO‐Y4 
osteocytes; ( c ) the enlarged image clearly shows the bleb-
bingprocess in siRNA‐treated MLO‐Y4 osteocytes. Dex.
dexamethasone (From Huang et al. [ 38 ])       
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had been covered with muscle fl aps, bone repair 
was signifi cantly improved [ 58 ]. The clinical sig-
nifi cance of these fi ndings cannot be overstated 

since these fi ndings have also been reproduced in 
humans with open tibial fractures [ 59 ] (Fig.  4.5  
[ 58 ]; Table  4.1  [ 59 ]).
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  Fig. 4.4    Radiographs 
demonstrating increased 
shaft diameter and 
increased muscle 
attachment site at the 
deltoid crest in humerus 
( a ), and the third 
trochanter in femur 
( b ) in Myostatin-/-mice 
compared to wild type. 
Notice the extension 
of the articular surface 
towards the neck 
of the femur ( b ) 
(From Elkasrawy and 
Hamrick [ 49 ])       
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    Taken together, these studies strongly suggest 
that even under conditions where substantial 
mechanical forces are not being produced, mus-
cles have the intrinsic biochemical capacity to 
secrete factors that stimulate growth and repair. It 
is almost as if muscles could function as a second 
periosteal layer as recently proposed by Little 
and colleagues [ 76 ,  77 ]. Yet another line of evi-
dence derives from the documented observation 
in humans that fracture healing is improved upon 
the stimulation of the affected bone with pulsed 
electromagnetic stimulation (PEMS) [ 78 ]. Our 
groups have recently demonstrated that PEMS 

enhances myogenesis of C2C12 myoblasts [ 79 ]. 
Therefore, it is possible that the improved heal-
ing observed with PEMS on bone might be attrib-
utable to direct effects on bone cells and to 
indirect effects of myokines. The idea of circulat-
ing factors playing a role in these processes gains 
further strength in light of the studies conducted 
by Hamrick and colleagues showing that exoge-
nous myostatin treatment accelerates bone and 
muscle healing [ 80 ].   

    Bones and Muscles as Endocrine 
Organs 

 Anatomic proximity of the musculoskeletal sys-
tem along with the physiologic roles in mechani-
cal support and body movement has, as mentioned, 
defi ned the connection between bones and mus-
cles historically. In fact, so  physiologically rea-
sonable is the mechanical relationship between 
bones and muscles that the consideration of other 
possible links between the tissues has in some 
ways been encumbered. In the 1960s, an interdis-
ciplinary group hosted by the University of Utah 
began to convene annually and compiled an 
impressive body of evidence in support of the bio-
mechanical relationship between bones and mus-
cles. As a result, a new paradigm emerged that 
included the mechanostat model, which purported 
that bone strength and density was largely a func-
tion of imposed mechanical forces [ 81 ]. That 
model, together with the Utah paradigm contin-
ued to infl uence for decades research conducted 
on bone and muscle physiology. 

 However, a key aspect to the model remained 
nearly dormant until recent years. Even the 
staunchest supporters of the model admitted to 
the likelihood of non-mechanical agents locally 
and systemically affecting the skeletal architec-
ture [ 81 ]. Nevertheless, the vast majority of 
investigative efforts related to the bone-muscle 
unit focused on the impact of mechanical loads. 
Basic research has experienced in recent years an 
explosion of technical advancements. These new 
techniques, equipment, cell lines and transgenic 
animal models provide now increased opportuni-
ties to learn more about both the mechanical and 
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  Fig. 4.5    Load at which failure occurred (N), through cal-
lus in the fracture groups, and un-fractured cortex in the 
non-trauma control group, at 28 days post fracture. Bars 
show standard deviations (SD) (From Hayutin et al. [ 128 ])       

   Table 4.1    Recorded union, delayed union and non-union 
in-between the study and control groups [ 58 ]   

 Groups A and B a  (tribial 
fracture + compartment) 
[ 12 ,  37 ,  42 ,  60 – 71 ] 

 Control group 
(tibial fracture) 
[ 9 ,  72 – 75 ] 

 No. of 
cases with 
available 
data (%) 

 238/245, 97.14 %  418/426, 
98.12 % 

 Union (%)  131, 55.04 %  339, 81.10 % 

 Delayed 
(union/non 
union) 

 107, 44.96 %  79, 18.90 % 

   a Both groups are presented together due to the absence of 
adequate data of the healing process differentiated per age 
groups  
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the biochemical relationship between bones and 
muscles. Additional experimental approaches 
include the study of specially created cell lines 
and the development of transgenic animal mod-
els. To expand the body of knowledge related to 
factors secreted by bones and muscles, research-
ers look for evidence of the impact such factors 
have throughout the body. 

 Perchance the easiest way to see the endocrine 
nature of skeletal muscles is to look to one of its 
major functions; which is to sequester glucose 
from the blood stream. Skeletal muscles are 
essential for the maintenance of body glucose 
homeostasis as demonstrated by the fact that by 
having a larger volume of muscles and/or being 
more active physically a person can help prevent 
diabetes type II [ 82 – 84 ]. While literally working 
as an organismal sink for glucose, skeletal mus-
cles can simultaneously undergo catabolic reac-
tions that lead to the release of amino acids, 
which travel via the blood stream to fi nd in the 
liver the proper conditions for gluconeogenesis. 
Under certain conditions, lipids can serve as 
another source of energy for skeletal muscles. 
Lipids are also emerging as important signaling 
molecules; a signifi cant point that will be dis-
cussed later in this chapter. 

    Bone as an Endocrine Organ 

 A century ago, the predominant understanding 
of bone physiology was that there were primar-
ily two types of bone cells: osteoblasts and osteo-
clasts. At the time, it was widely accepted that 
skeletal homeostasis relied on the function of 
these two bone cells; bone formation for osteo-
blasts, and bone resorption for osteoclasts. The 
primary infl uences on these two bone effector 
cells were believed to come from hormones and 
dietary calcium. Although osteocytes were iden-
tifi ed and even recognized to be the most abun-
dant type of bone cell, they were believed to be 
inert, serving primarily as structural components 
of the bone matrix. Since then, the dynamic and 
crucial role of osteocytes has become known. It 
was in the early 1990s that support for the endo-
crine function of this important bone cell began 

to gain momentum. Osteocytes are connected 
to one another via gap junctions, and it was a 
focus on this area that provided researchers with 
insight into the biochemical nature of bone cells. 
In 1992, Marotti and his team of researchers at 
the University of Modena, Italy, published their 
fi ndings and working hypothesis on the metabolic 
activity of osteocytes. Using transmission electron 
microscopy (TEM), they demonstrated changes in 
the skeletal microstructure that occur with aging, 
as well as evidence of osteocyte modulation of 
osteoblast activity [ 85 ]. Three decades earlier, Dr. 
Marshall Urist had demonstrated the osteogenic 
properties of bone by implanting a decalcifi ed and 
lyophilized sample of bone into host tissue [ 86 ]. 
His experiments revealed that factors present in 
the sample of bone cells led to neovascularization 
and bone deposition into the host tissue. It was 
with the advent of technical advancements that the 
factors could begin to be identifi ed and studied. 
Urist recommended the name Bone Morphogenic 
Protein (BMP) for the factor responsible for new 
bone formation in his trailblazing experiments. 
Since then, BMP has come to refer to a group of 
growth factors implicated in the morphogenesis 
of tissues throughout the body. 

 Klein-Nulend and her team observed that 
bone cells secreted prostaglandins in response to 
mechanical stress induced in pulsating fl uid fl ow 
experiments [ 87 ]. Research fi ndings continue to 
support the signifi cant role of prostaglandins in 
bone homeostasis, particularly the E and F series 
of prostaglandins [ 60 ,  88 – 91 ]. 

 Research performed in the early part of this 
century provided evidence that in addition to their 
function as a sensory and responsive cell, osteo-
cytes also serve to help regulate bone density 
through the secretion of sclerostin, a protein that 
inhibits bone formation [ 92 ]. Their work tested 
the hypothesis that the dysregulation in bone 
formation resulted from phenotypes observed 
in osteosclerosis patients. This hypothesis was 
further supported through genetic testing and the 
development of transgenic mice with increased 
sclerostin production and low bone mass. Since 
these explorations into the biochemical nature 
of bone cells, continued research by a number 
of biomedical scientists including Bonewald, 
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Johnson, Dallas, Karsenty, and Yamashita con-
tinue to provide evidence in support of osteoblast/
osteocyte-secreted factors that impact not only 
bone homeostasis but also distant tissues such as 
the brain, heart, kidney, prostate, and muscle. 

 Fibroblast growth factor 23, or FGF23, is a 
bone-derived protein that has been identifi ed as 
integral to vitamin D metabolism and the regula-
tion of systemic phosphate levels [ 93 ]. In their 
2012 review, Bonewald and Wacker discussed 
FGF23 expression in osteocytes and its role in car-
diovascular health [ 94 ]. This has found additional 
support from research performed on transgenic 
mice phenotypes. Although the exact pathways are 
not fully understood, it appears that osteocyte 
expression of FGF23 is under the infl uence of 
molecules such as DMP1, PHEX, and MEPE [ 95 ]. 
Osteocalcin, which is also known as bone gamma-
carboxyglutamic acid- containing protein 
(BGLAP) is a protein found, as the name implies, 
in bone and dentin. Osteocalcin helps to provide 
structure and has been shown to also play a part in 
energy metabolism, calcium ion homeostasis, and 
male fertility [ 96 ]. It was postulated more than 
20 years ago, that bone cells are the primary source 
of osteocalcin [ 97 ], and recent advances in genetic 
engineering have helped support that idea [ 75 ,  96 , 
 98 ,  99 ]. Osteocalcin, along with other hormone-
like substances secreted by bone cells, are now 
thought to interact with  substances from the liver 
and adipose tissue in a way that may predispose 
individuals to obesity, diabetes, non-alcoholic 
fatty liver disease, and osteoporosis. 

 The impressive list of bone derived factors con-
tinues to grow, and includes: ATP, calcium, DKK1, 
DMP1, FGF23, MEPE, Nitric Oxide, OPG, osteo-
calcin, prostaglandins (particularly PGE 2 ), 
RANKl, sclerostin, and SOST. These factors rep-
resent a myriad of biochemical structures ranging 
from simple organic molecules to complex pro-
teins, all of which help illustrate the diversity and 
far-reaching impact of bone as an endocrine organ.  

    Muscle as an Endocrine Organ 

 Skeletal muscle represents the majority of 
 muscle tissue in the body and is so named for its 

 functional connection and vicinity to the skeletal 
system. Also called striated muscle because of 
its appearance, skeletal muscle is under the con-
trol of the somatic nervous system and is respon-
sible for voluntary movement, facial expressions, 
postural support, and respiratory expansion. 
Skeletal muscle develops from myogenic precur-
sor cells and myoblasts. Myoblasts are small, 
mononucleated cells capable of either entering 
the cell cycle and proliferating, or fusing with 
other myoblasts to form myotubes. As myoblasts 
fuse and begin to form myotubes, they enlarge 
and take on an elongated shape (Fig.  4.6 ). Muscle 
cell proliferation and differentiation occur in the 
embryonic and early stages of development, and 
continue throughout the lifespan. Skeletal mus-
cle is a dynamic tissue, whose cells undergo 
myogenesis repeatedly as muscles regenerate in 
response to injury [ 100 ,  101 ].

   The process that leads to muscle contraction 
begins when acetylcholine (ACh) is released by a 
motor neuron across the synapse at the neuromus-
cular junction. Motor neurons originate in the cen-
tral nervous system and the cell bodies of these 
neurons are located in the spinal cord. The neuro-
nal fi ber (axon) projects outside the spinal cord to 
directly or indirectly control muscles. At the 
 muscle level, nerve-ending terminals spread and 
innervate each muscle fi ber within a given skeletal 
muscle. A membrane called the sarcolemma  covers 
each muscle fi ber, and within each muscle fi ber are 
thousands of sarcomeres, which are the functional 
units of contraction. The sarcomere is composed of 
thick myofi laments called myosin, and thin myo-
fi laments called actin. The neuromuscular junction 
is a synapse with the terminal end of the motor neu-
ron on one side and the motor end plate of a skele-
tal muscle fi ber on the other. Release of ACh from 
the motor neuron causes stimulation of a muscle 
fi ber through the exchange of sodium and potas-
sium ions. This leads to the generation of an action 
potential that spreads along the sarcolemma and is 
transmitted into the interior of the muscle fi ber by 
structures called transverse tubules, or T-tubules. 
T-tubules are juxtaposed to the calcium ion storage 
units, the sarcoplasmic reticulum (SR). As the 
action potential travels along the T-tubule, it 
causes the voltage-sensitive receptor named 
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Dihydropirydine Receptor (DHPR) to change 
shape, and it is this allosteric modifi cation of the 
DHPR that allows it to physically interact with the 
largest known mammalian channels, the Ryanodine 
Receptors (RyR) precisely located on the surface 
of the membrane of the SR. This DHPR-RyR con-
tact, leads to the opening of the RyR, which brings 
about the release of calcium from the SR into the 
cytosol of the skeletal muscle cell. This rise in cyto-
solic calcium causes the binding sites on the actin 
fi lament to be exposed, allowing myofi laments 
heads to bind. The myosin fi laments pull the actin 
fi laments in, resulting in a shortening of the sarco-
mere. It is the shortening of sarcomere throughout 
the muscle fi bers that causes muscle contraction. 
The process by which the electrical stimulation, or 
excitation is transferred into a mechanical contrac-
tion is called the excitation- contraction coupling 
(ECC) and is fundamental to skeletal muscle physi-
ology [ 102 – 104 ]. The ECC is the cellular and 

molecular reason that we can execute from very 
fi ne controlled movements to the lifting of several 
hundred kilograms of weight. 

 The functional role of skeletal muscle to move 
and support the body has long been realized; it has 
only been recently that endocrine-like  function of 
skeletal muscle has begun to be appreciated. 
Research associated with skeletal muscle secreted 
factors began primarily in relation to those pro-
duced in response to injury. For example, several 
myokines, prostaglandin, IL-6, and LIF, have 
been shown to enhance the myocyte differentia-
tion after injury [ 105 – 108 ]. Muscle regeneration 
is an ongoing phenomenon throughout the life 
span, and provides an excellent opportunity for 
investigation into the endocrine function of this 
organ, as well as hope for targeted interventions to 
slow the process of muscle wasting. Two addi-
tional factors secreted by injured skeletal muscle 
are TGFα and TGFβ1 [ 106 ,  109 ]. These myokines 
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  Fig. 4.6    Skeletal muscle cell myogenesis model (From Isaacson Dissertation – Myogenesis Model)       
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have an inhibitory effect on muscle cell prolifera-
tion and differentiation. 

 In addition to raising serum levels of IL-6, 
exercise has been found to induce a six-fold 
increase in mRNA of Chemokine CXC motif 
ligand-1 (CXCL-1) and a 2.4-fold increase in 
serum CXCL-1. A functional homolog for IL-8, 
murine CXCL-1, belongs to a group that has 
gained attention for its role in infl ammation, che-
motaxis, angiogenesis, neuroprotective activity, 
and tumor growth regulation and is associated 
with a decrease in visceral fat [ 110 ]. 

 Obesity and type 2 diabetes have both reached 
epidemic proportions worldwide. As the body of 
knowledge related to myokines continues to 
expand, researchers are investigating the role of 
certain myokines, or more accurately the lack 
thereof, because of limited exercise and the possi-
ble connection to these chronic diseases [ 110 ]. 
Recently, a new myokine brought hope for the 
development of molecules to target fat tissue accu-
mulation, since irisin was shown to regulate the 
conversion of ‘bad’ (white) fat into ‘good’ (brown) 
fat that is essential for thermogenesis in mice 
[ 111 ]. Since the original publication, 49 papers 
have been published on the effects of irisin. A 
recent study by Park [ 112 ] concluded that irisin 
might be directly associated with a higher risk of 
cardiovascular diseases and metabolic syndrome 
in humans, suggesting that augmented secretion of 
irisin by either adipocytes or muscle cells might 
occur to overcome an underlying irisin resistance, 
similar to the hyperinsulinemia seen in insulin 
resistance associated with obesity [ 112 ]. 

 The list of myokines continues to grow, and 
includes IL-8, which has been shown to increase 
angiogenesis [ 113 ]; IL-5, which is an anabolic 
factor being investigated for its role in muscle-fat 
crosstalk; IL-7, which is being studied for its 
impact on satellite cells during myogenesis [ 114 ]; 
and brain-derived neurotrophic factor (BDNF) 
[ 115 ]. With a deeper understanding of skeletal 
muscle as an endocrine organ comes the promise 
of innovative approaches to the prevention and 
treatment of diseases and disorders throughout 
the body.  

    Interplay Between Bones 
and Muscles as Endocrine Organs 

 The conditions are determined in utero for the con-
nection between bones and muscles, as they share 
a common mesenchymal precursor and experience 
organogenesis through a tightly orchestrated net-
work of genes during intrauterine development. 
As mentioned, their anatomic proximity lends cre-
dence to the hypothesis that bones and muscles 
infl uence each other in a paracrine nature. 
Evidence of such a relationship exists as patho-
logic conditions are studied; specifi cally, some of 
the bone stress syndromes where infl ammation 
localized to the muscle area underneath the perios-
teal region spreads into the bone itself. These situ-
ations support the paracrine relationship 
hypothesis, suggesting infl ammatory molecules 
from adjacent muscle fi bers may penetrate into 
this region of the bone. Another powerful clinical 
example of this paracrine relationship is the afore-
mentioned muscle fl ap application to compounded 
bone fractures. The effect of this therapeutic 
approach is signifi cantly faster healing for these 
fractured bones. Although the specifi c molecular 
mechanism of action is not completely under-
stood, the introduction of muscle fl aps has been 
used as a successful therapeutic approach to treat 
chronic osteomyelitis and to accelerate the healing 
of bone fractures [ 116 ]. These mechanisms might 
display further importance for bone and muscle 
healing after musculoskeletal injury. 

 Experiments performed using osteocyte and 
muscle cell lines have revealed that PGE 2  secre-
tion from osteocytes is more than 1000 times 
greater than PGE 2  secretion from muscle cells. 
This excess amount of PGE 2  from osteocytes 
could interplay with injured muscles, which would 
aid in muscle regeneration and repair. Intriguingly, 
recent  in vitro  studies have provided support for a 
role of osteocyte secreted PGE 2  in aiding with the 
process of myogenesis [ 89 ]. While these studies 
were originally performed with the myogenic cell 
line C2C12, as shown in Fig.  4.7 , PGE 2  signaling 
is also a potent  stimulator of myogenic differentia-
tion in primary myoblasts/myotubes.
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   Recently developed transgenic animal models 
provide an excellent opportunity for researchers 
to gain further insight into this bone-muscle 
crosstalk, as in the case of the myostatin-defi cient 
mouse. Myostatin, which was discussed earlier 
with regard to its pleiotropic characteristics, was 
discovered in the late 1990s to be a potent inhibi-
tor of muscle growth. It is expressed during 
development and in adult skeletal muscle, serv-
ing as an important negative regulator of skeletal 
muscle growth [ 45 ,  117 ]. Myostatin appears to 
decrease myoblast proliferation. The myostatin- 
defi cient mouse model has increased muscle size 
and strength, with individual muscles weighing 
signifi cantly more than wild type mice [ 118 ]. 
Hamrick used this myostatin-defi cient mouse 
model to investigate the effects of increased mus-
cle mass on bone mineral content and density. He 
and his team found that although a consistent cor-
relation was not found in all regions of the skel-
etal system, there was increased cortical bone 
mineral density in the distal femur and an 
increased periosteal circumference along the 
humerus [ 49 ,  119 – 121 ]. Another group used the 
same myostatin-defi cient mouse model to look at 
the impact of the chronic loss of myostatin on 
multiple organ systems and found that it appeared 
to preserve bone density [ 122 ]. From a contrast-
ing perspective, Zimmers investigated the effects 
of myostatin overexpression in an  animal model 
and observed a profound loss of muscle and fat, 
mimicking the presentation seen in chronically ill 

patients and commonly referred to clinically as 
cachexia [ 118 ]. Further research into the disrup-
tion of myostatin is a worthy direction in an effort 
to preserve muscle mass in patients with chronic 
diseases. 

 As mentioned in a previous section, osteocal-
cin serves as a splendid example of bone as an 
endocrine organ [ 123 ]. This osteoblast-derived 
factor, circulating levels of which increase with 
exercise, binds to the GPRC6A receptor, affect-
ing distant adipocytes and pancreatic β cells. 
Interestingly, osteoblasts also naturally express 
the osteo-testicular phosphatase gene ( Esp ), 
which inhibits the function of osteocalcin [ 69 ]. 
With this information in mind, it is of specifi c 
interest to the discussion of bone-muscle cross-
talk that the  Gprc6a  knockout mouse displays the 
phenotype of decreased muscle mass, while the 
 Esp  knockout mouse has increased muscle mass. 
Through these observations, it can be proposed 
that osteocalcin, a known bone cell factor, may 
play a role in the regulation of muscle mass. This 
is the type of knowledge that promises a deeper 
understanding of sarcopenia; as osteocalcin could 
be a target for the development of therapies to 
prevent, delay, or slow the progression of this 
highly prevalent disorder associated with aging. 
If this knowledge is useful for sarcopenia, it is 
possible that it may also be useful for its associ-
ated disorder, osteoporosis. 

 The endocrine communication that continues 
to be revealed through effects of factors derived 

  Fig. 4.7    PGE2 signaling modulates myogenesis of primary 
myoblast/myotubes. Representative images following treat-
ment with PGE2, EP4 agonist CAY10598, and EP4 inhibitor 
L161,982 in 5-month old mouse primary myotubes, show-
ing the same pattern previously published in C2C12 cells in 
Mo et al. [ 89 ]. Ingreen, myosin heavy chain, MHC and 

inblue: DAPI. Unpublished results by the Brotto Lab (Mo 
and Brotto Unpublished Results, 2015). It is evident that 
PGE2 and CAY 10598 promote myogenesis while L161,982 
inhibitsit. PGE2 is a major osteokine secreted by osteocytes 
and one of the mediators of the bone-muscle crosstalk [ 89 ] 
(From Mo and Brotto Unpublished Results, 2015)       
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from these tissues is not limited merely to a bone- 
muscle connection. There is a growing awareness 
that the factors secreted from tissues throughout 
the body impact the overall health of the individ-
ual. The signifi cance of this dynamic interrela-
tionship is becoming more apparent with the 
aging of the world’s population and the concomi-
tant rise of chronic diseases such as obesity, dia-
betes, and metabolic syndrome. According to the 
Centers for Disease Control and Prevention, the 
prevalence of obesity in the United States among 
adults 65 years of age and older is nearly 35 %; 
translating into more than 8 million older adults 
[ 52 ]. The American Diabetes Association web-
site reports that nearly 25 % of adults aged 60 and 
over have diabetes, and it is also becoming clear 
that the prevalence of metabolic syndrome 
increases with age [ 62 ]. Recognizing the over-
whelming implications for public health posed 
by sarcopenia alone, a distinguished team of 
researchers called for increased research investi-
gating the factors involved in the pathogenesis of 
sarcopenia more than a decade ago [ 124 ]. Data 
from many studies published around that same 
time began to suggest that sarcopenia infl uenced 
the development of other chronic conditions such 
as cardiovascular and metabolic diseases. Since 
then, more evidence has been uncovered that sar-
copenia is often linked to dyslipidemia, insulin 
resistance, and hypertension as well as a decline 
in immunologic function [ 71 ,  125 ]. 

 As the understanding of the role of bones and 
muscles as endocrine organs, and insights into 
bone-muscle crosstalk begin to be translated into 
meaningful and innovative therapeutic approaches, 
unprecedented advances will be achieved in the 
fi ght against chronic diseases such as obesity, dia-
betes, osteoporosis, and sarcopenia.   

    Musculoskeletal Diseases: 
The Special Cases of Osteoporosis 
and Sarcopenia 

 People are living longer than any time in history 
due to the many advances in healthcare. In 1900, 
the life expectancy was only 47 years. By 1930, it 
increased to 60 years, and by the early 2000s, the 

life expectancy from birth had risen to more than 
75 years. As the life expectancy climbs, there is a 
parallel increase in the percentage of the popula-
tion aged 65 and older. Again, looking just back 
in time to 1900, only 4 % of the population was 
65 and older, but that percentage nearly tripled to 
13 % by 2008, and is projected to increase to an 
unprecedented 22 % by 2030 [ 126 ]. This has 
been reported as the largest demographic shift in 
history by experts in fi elds from fi nance to sociol-
ogy [ 127 ,  128 ]. Many factors have contributed to 
this increased life expectancy, including the 
development of vaccines and antibiotics, 
improved nutrition, and processes to better the 
accessibility of clean water to more of the world’s 
population. 

 Unfortunately, this trend of increasing age is 
accompanied by a corresponding increase in dis-
ability as aging adults experience a decline in 
physical functioning. The decline in functional 
reserve has been well documented throughout sci-
entifi c and popular literature [ 129 ]. Nearly 300 
diseases and injuries appear on the Global Burden 
of Disease (GBD) list, and a staggering 289 of 
those are known to cause disability. In the 2010 
Global Burden of Disease (GBD) Study, research-
ers reported that the years lived with disability 
(YLD) per 100,000 people remained relatively 
constant over the years, until recently. With the 
increasing population of those who are 65 years 
of age and older, the YLD numbers have dramati-
cally increased [ 130 ]. The seemingly undeniable 
fact of mortality is that aging is associated with 
the decline in function of nearly every system in 
the body along with the development of chronic 
conditions. Chronic diseases and disorders have a 
tremendous impact on individual health and 
healthcare expenditures, which has motivated 
much research into the prevalence of chronic con-
ditions. Reports align and reveal that as many as 
82 % of the older population in the U.S. has one 
or more chronic health conditions [ 131 – 133 ]. 

 One of the body systems that experiences sig-
nifi cant changes with aging is the musculoskele-
tal system. According to the 2010 Global Burden 
of Disease Study (GBD), musculoskeletal dis-
eases are the second greatest cause of disability, 
affecting billions of people worldwide [ 130 ]. 
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Disability leads to injury and a decline in  function 
and independence. Rubenstein and Josephson 
reported that one in three community-dwelling 
older adults falls each year [ 134 ]. Fall-related 
injuries were responsible for more than two mil-
lion Emergency Department visits and nearly 
600,000 hospitalizations among older adults in 
2009 [ 135 ,  136 ]. One of the most frightening 
injuries for an older adult to experience is a hip 
fracture. Ninety percent of hip fractures are the 
result of a fall, and the mortality rate 1-year post 
hip fracture is an astounding 25 %. It would seem 
the fear surrounding this injury is justifi ed as only 
one in two older adults that experience a hip frac-
ture return to their baseline level of activity [ 136 ]. 
There are many risk factors for falls, but primary 
among them is muscle weakness. The associated 
morbidity and mortality, especially hip fractures, 
is greatly increased among older adults, and is a 
signifi cant health risk for those with osteoporo-
sis. In addition to other chronic diseases and 
medication use, the decline in musculoskeletal 
health and function is a growing problem [ 74 , 
 137 ,  138 ]. Loss of muscle mass and strength not 
only increases the individual’s risk of falls, it 
impacts quality of life. Depp and Jeste reported 
that in the majority of cases, the very defi nition of 
“successful aging” is predicated by the absence 
of disability [ 73 ]. 

 The musculoskeletal changes that occur not 
only impact the aging individual, they create a 
profound economic burden. Looking at sarcope-
nia alone, the healthcare costs in the year 2000 
were $18.5 billion, which represented 1.5 % of 
the nation’s total direct healthcare costs that year 
[ 139 ]. That percentage would translate into more 
than $40 billion a decade and a half later. Drawing 
from the 1995 Report of the National Osteoporosis 
Foundation [ 140 ], and adjusting for infl ation and 
other factors to make the dollar values consistent, 
the same authors reported costs associated with 
osteoporotic fractures in the year 2000 to be 
$16.3 billion. Included in this price tag is the cost 
of inpatient care, nursing home care, outpatient 
care, emergency room visits, radiology services, 
orthopedic medical supplies, and outpatient med-
ications. Even with all these aspects factored in, 
these costs may be conservative, considering that 

the United States Center for Disease Control and 
Prevention website, updated in September of 
2013, reports the direct medical costs associated 
with fall-related injuries among the older adult 
population was $30 billion in 2010, and is pro-
jected to climb to nearly $55 billion by the year 
2020 [ 141 ]. 

    Osteoporosis 

 Osteoporosis is the most common metabolic 
bone disorder and is characterized by the pro-
gressive loss of bone mass. Bones are in a con-
stant state of destruction and rebuilding, and in 
young, healthy individuals, the balance between 
bone formation and resorption is maintained. 
The decrease in bone density that has come to 
be known as osteoporosis appears to be the 
result of a growing imbalance of these two pro-
cesses. The body of knowledge surrounding 
osteoporosis is growing as it is now recognized 
as the most common metabolic bone disease in 
the United States. 

 Evidence exists that the phenomenon of age 
related bone loss has affl icted mankind for centu-
ries [ 142 ]. An English surgeon, Sir Astley Cooper 
was one of the fi rst to document the changes he 
observed in bones of older adults: “With respect to 
the neck at the thigh-bone, a very principal cause 
of non-consolidation by bone is the advanced age 
at which it becomes obnoxious to fracture through 
that peculiar change which the part undergoes at 
this period of life without any apparent cause, but 
which renders it incapable of sustaining the super-
incumbent weight, and even in continuity insuffi -
cient to maintain its function; therefore it may be 
fairly supposed, when broken incompetent to set 
up a restorative action” [ 70 ]. The term,  osteoporo-
sis,  is attributed to the French pathologist, Jean 
Lobstein, who used the term in a paper describing 
autopsy fi ndings of holes in bones associated with 
fragility. In retrospect, it seems likely that he was 
actually using the term to describe osteogenesis 
imperfecta rather than osteoporosis [ 143 ]. 

 Many defi nitions of osteoporosis have been 
offered over the years, with the most widely 
accepted being an operational defi nition based 
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upon bone mineral density (BMD). And, the most 
widely validated measure of BMD is dual energy 
X-ray absorptiometry (DXA). According to the 
World Health Organization (WHO) criteria, 
osteoporosis is defi ned as a bone mineral density 
(BMD) that falls greater than or equal to 2.5 stan-
dard deviations (SD) below the average value for 
young healthy women [ 144 ]. In recent years, 
there has been a growing debate about the use of 
DXA scan results. This diagnostic measure has 
proven to have high specifi city, but low sensitiv-
ity; which means that a patient with a T-score 
below −2.5 has a high risk of fracture, but the 
patient with a T-score greater than −1.0, or within 
normal limits, is not immune to fracture. 
Clinicians and researchers have learned that many 
factors must be considered in determining the 
risk of an osteoporotic fracture in the aging 
patient. 

 Women are at greater risk of osteoporosis 
than men. Additional risk factors for osteoporo-
sis include increased age, Caucasian or Asian 
ethnicity, postmenopausal status, late menarche 
or early menopause, low peak bone mass, a 
family history of osteoporosis or low trauma 
fracture, low dietary calcium, vitamin D and 
vitamin K, low levels of physical activity, 
smoking, excessive alcohol intake, and the use 
of certain medications such as steroids, anti-
convulsants, immunosuppressants and heparin 
[ 72 ,  145 – 148 ]. Health care providers must con-
sider all of these as they contemplate preventive 
and treatment options for their aging patients. 

 Treatment plans for those diagnosed with 
osteoporosis are related to these identifi ed risk 
factors. The initial approach includes lifestyle 
modifi cations such as increased physical activ-
ity if possible, smoking cessation, and decreas-
ing alcohol intake [ 149 ]. Beyond these lifestyle 
changes to reduce the risk of injury, treatment 
goals are aimed at slowing or stopping bone 
loss and/or facilitating bone formation. 
Supplementations often recommended include 
calcium, vitamin D, and, in some cases, hormone 
replacement therapy [ 150 ]. The primary pharma-
cologic intervention are antiresorptives. These 
pharmacological approaches are reviewed in 
depth in Chap.   12     of this textbook.  

    Sarcopenia 

 Skeletal muscle accounts for 38 and 31 % of the 
total body weight in men and women, respec-
tively, and represents the largest single organ in 
the human body [ 151 ]. Thus, it is reasonable that 
the age-related anatomical and physiologic 
changes in skeletal muscle have a signifi cant 
impact on the overall health of the individual. 
Irwin Rosenberg fi rst proposed the term ‘sarcope-
nia,’ in 1988 to describe age related muscle wast-
ing [ 152 ]. The term derives from the two Greek 
words,  sarx  (fl esh) and  penia , (loss). Because all 
individuals experience muscle wasting with age, 
the prevalence of sarcopenia with age is essen-
tially 100 %. However, Rosenberg and others rec-
ognized that in many, the muscle loss that 
accompanied aging happened at a seemingly 
accelerated rate and contributed signifi cantly to 
disability. In 1988, a group of researchers and cli-
nicians convened for a meeting in Albuquerque, 
New Mexico to discuss various measurements 
used to assess the health and nutritional status of 
the elderly population. It was in a summary report 
following that historic meeting that Rosenberg 
fi rst coined the term, ‘sarcopenia.’ He stated at 
that time his motivation for coining the term was 
to draw attention to this all too common disabling 
physiologic phenomenon. With a name came an 
increase in research conducted into the process 
and effects of age-related skeletal muscle wasting. 
And, in a reciprocal fashion, as the body of knowl-
edge related to sarcopenia grows and develops, so 
grows the acceptance of sarcopenia as a condition 
with specifi c and measureable signs and symp-
toms. It is now recognized that sarcopenia has sig-
nifi cant implications for the lives of individuals, 
for the nation and for the world. 

 In the mid-1990s, the simple measurement 
used to identify sarcopenia among older adults 
was the upper-arm circumference. Even with this 
crude method of identifi cation, researchers began 
to see a correlation between the presence of sarco-
penia and the older adults’ mortality risk [ 153 , 
 154 ]. In 1998, Baumgartner and his team sug-
gested a modifi ed approach to determining 
whether the muscle mass in an older adult was 
within normal limits, or whether it refl ected a state 
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of compromised health, i.e. sarcopenia. From the 
research he and his colleagues were conducting on 
older adults in New Mexico, Baumgartner defi ned 
sarcopenia as a height adjusted to muscle mass of 
two standard deviations (SD) or more below the 
mean of a young reference population. With this as 
his measurement, he demonstrated the increasing 
prevalence of sarcopenia with aging. The preva-
lence of sarcopenia in the New Mexico Elder 
Health Survey was 14 % in those 65–69 years of 
age, compared with greater than 50 % in those 
80 years of age and older [ 61 ]. Other researchers 
in the fi eld of gerontology adopted this measure-
ment standard in their investigations of age-related 
loss of muscle mass. The consistent use of mea-
surements allows for more meaningful compari-
sons of research fi ndings between studies. 

 Nearly all of the studies conducted prior to 
2005 were cross-sectional, and focused on a cor-
relation between sarcopenia and decreased mus-
cle mass and the associated functional impairment 
leading to physical disability [ 124 ,  155 – 158 ]. At 
least one study in the early 2000s looked at the 
impact of muscle size and strength over time and 
reported a less than 5 % change in strength attrib-
utable to a corresponding change in muscle size 
[ 159 ]. In an 8-year follow up to the Cardiovascular 
Health Study, Janssen et al. [ 139 ] reported a 27 % 
increased risk of developing disability with sar-
copenia when compared with individuals with 
normal muscle mass. Interestingly, at the begin-
ning of that same study, the reported likelihood of 
having disability was 79 % greater in those with 
severe sarcopenia than in those with normal mus-
cle mass. The longitudinal analysis was three 
times smaller than the cross-sectional analysis, 
reported at the baseline. This underscores the 
importance of not drawing conclusions too early 
in an investigation of data, and suggests that the 
sarcopenia-associated risk of functional impair-
ment and physical disability reported in cross-
sectional studies of older adults in the early 2000s 
may have been overestimated. 

 Questions surrounding a universally accepted 
defi nition of sarcopenia continue as clinicians and 
researchers search for specifi c age-related 
 musculoskeletal changes that correlate most strongly 
with the risk of disability. Evidence is growing that 

the rate at which muscles become weaker is much 
faster than the rate at which they become smaller 
[ 160 ]. Research fi ndings are supporting that it is the 
loss of muscle strength, even more than the loss of 
muscle mass, that carries the greatest risk of disabil-
ity in the aging adult [ 102 ,  160 ,  161 ]. 

 Some researchers refer to the ‘bone-muscle 
unit’ in deference to observations that bones 
respond to varying levels of mechanical strain 
imposed by muscle mass and strength. The vary-
ing levels of mechanical strain appear to be mod-
ulated primarily by hormonal effects systemically, 
citing gender differences over time as evidence 
[ 62 ]. There is undeniably much evidence in sup-
port of the strong correlation between bone and 
muscle strength [ 163 ,  164 ]. 

 A deeper understanding of the physiological 
relevance of these bone and muscle endocrine 
properties may serve to bridge the gap between 
the mechanical and biochemical theories of bone- 
muscle interaction. A feasible way of interpreting 
the role of these interactions is that they may 
serve to sense and transduce biomechanical sig-
nals such as unloading, loading, inactivity, or 
exercise, and even perhaps the translation of sys-
temic hormonal stimulation into effective bio-
chemical signals. Another way of interpreting 
and bridging these two theories is that one spe-
cifi c form of interaction could work as a priming 
for the other, in that, the physical effects of con-
traction on bone cells may prime these cells for 
the simultaneous, consecutive or ulterior effects 
of a secreted molecule. The growing evidence of 
a mismatch between changes in muscle mass and 
muscle strength that accompany muscle unload-
ing also lends support to the biochemical com-
munication between tissues [ 66 ]. The suggestion 
that in addition to mechanical force, other factors 
contribute to increasing muscle strength came 
more than three decades ago. In their work with 
isometric training, McDonagh and colleagues 
made experimental observations that led them to 
postulate “that the increase in the force of maxi-
mal voluntary isometric contraction must be 
related to factors other than the force-generating 
capacity of the muscle fi bres themselves” [ 165 ]. 

 In his work with the New Mexico Elder Survey, 
Baumgartner observed that, as many as 15 % of 
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individuals with sarcopenia are also obese. The 
sarcopenic-obese older adult captured his atten-
tion because in his cross-sectional study examin-
ing older adults in the New Mexico Aging Process 
Study, he found this subsector of the elderly popu-
lation to be at especially high risk of physical dis-
ability [ 166 ]. The decline in both lean muscle 
mass and bone density poses an even greater risk 
to independence and safety of the older adult. The 
appreciation of this risk has inspired research into 
this phenomenon. Findings of such research sug-
gest an increase in catabolic cytokines such as 
interleukin-6 (IL-6), as well as infl ammatory 
markers such as C-reactive protein and sedimen-
tation rate [ 157 ,  167 ]. Interestingly, many of these 
same factors observed in the development of obe-
sity are secreted by adipocytes [ 168 ,  169 ]. 

 In 2004, Baumgartner and his team set out to 
replicate as a longitudinal study, the fi ndings of 
their 2000 cross-sectional study, based upon the 
same cohort of individuals in New Mexico [ 170 ]. 
Looking at the problem over time, they found that 
neither sarcopenia alone nor obesity alone 
increased the older adult’s risk of functional 
impairment when compared with those with a 
normal body composition. Sarcopenic-obese 
individuals, however, had a 2.5 times greater risk 
of functional impairment [ 170 ]. A partial expla-
nation for this could be related to the decreased 
resting metabolic rate that corresponds to the 
reduced skeletal muscle mass of sarcopenia [ 171 ]. 

 Since the mid-2000s, several researchers have 
investigated the combination of sarcopenia and 
obesity, specifi cally concerned with the risk for 
physical disability. The fi ndings of some 
researchers support an increased risk of physical 
disability in sarcopenic-obese older adults [ 172 , 
 173 ], while the fi ndings of other researchers do 
not support this notion [ 65 ,  174 ]. Of interest is 
the recognition that between research groups, and 
even within some research groups, confl icting 
results are obtained with regard to the question of 
sarcopenic- obesity and the increased risk for 
physical disability. It is possible that these con-
fl icting results are the consequence, in part, of 
having no single defi nition of sarcopenia that is 
widely accepted within the research and clinical 
arenas. This experience should provide ample 
motivation to come to a consensus on the matter. 

 Attempts to understand the cause of an age 
related loss of muscle mass and strength have pre-
dominantly focused on the loss of skeletal muscle 
fi bers, especially type II fi bers. In recent years 
researchers have begun to delve into a wide variety 
of mechanisms involved in the pathophysiological 
mechanisms of sarcopenia including nutritional 
factors, activity levels, alterations in protein 
metabolism, and the impact of changing levels of 
hormones. Walrand and colleagues published a 
review that shed light on what many had begun to 
observe; suggesting that sarcopenia impacts the 
development of other chronic conditions such as 
cardiovascular and metabolic diseases [ 175 ]. 
Sarcopenia is beginning to be linked to dyslipid-
emia, insulin resistance and hypertension as well 
as a decline in immunologic function [ 71 ,  125 ]. 

 Gaining momentum is yet another element to 
this issue; that age-related decreases in muscle 
strength result from a combination of loss of 
muscle mass (atrophy) and reduced muscle spe-
cifi c force (i.e., muscle force per unit of cross- 
sectional area), suggesting reduced muscle 
quality. Data is gathering to show that it is princi-
pally the weakness that accompanies sarcopenia, 
not the loss of muscle size  per se  that contributes 
to disability [ 62 ,  159 ,  161 ]. It is possible that the 
disproportionate loss of force and power com-
pared to loss of muscle mass originates inside the 
muscle fi bers themselves, due to defects on the 
excitation-contraction coupling (ECC) process 
that ultimately lead to reduced availability of cal-
cium to be released during each cycle of 
contraction- relaxation [ 66 ,  102 ,  176 ]. Refl ecting 
on the physiology behind muscle contraction, it 
is reasonable to postulate that factors released 
from distant tissues could infl uence the steps 
leading up to skeletal muscle contraction. The 
mismatch observed between muscle mass and 
strength, might at least in part, be explained by 
other tissue factors that infl uence the EC cou-
pling, such as reduced calcium release from the 
sarcoplasmic reticulum (see Fig.  4.8 ).

   It has also been noted that store-operated cal-
cium entry is reduced in aged muscle cells. In a 
recent review, the argument is made that there is 
most likely a link between dysfunctional 
 intracellular calcium homeostasis, the newly 
 discovered modulatory genes, and biochemical 
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factors secreted by other body tissues, which is 
illustrated in Fig.  4.9 .

   Additional health risks experienced by sarco-
penic older adults include insulin resistance and 

the development of type 2 diabetes mellitus. 
Srikanthan, Hevener, and Karlamangla  conducted 
a study to investigate the relationship between 
sarcopenia, obesity and age-related insulin 
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  Fig. 4.8    Evidence for muscle atrophy, decreased contrac-
tile force, and reduced power in skeletal muscles sug-
gested similarity from old WT and MIPKO mice. In all 
fi gures, the black bars are mature, wild type mice, the red 
bars are old, wild type mice, the green bars are mature 
MIPKO mice, and the blue bars are old, MIPKO mice. ( a ) 
Typical Toluidine blue-stained cross sections of EDL 
muscles from young Wt, old Wt, and mature MIPKO 
mice. The cross-sectional areas of old Wtand MIPKO 
cells are signifi cantly reduced compared with those of the 
young Wt. ( b ) Maximal contractile force in EDL muscle 
for each genotype. Atrophy (decrease in muscle cross-
sectional area) can explain ~1/2 of the drop in total force 
(note the  dotted horizontal line ), but does not account for 

the complete decrease in contractile force. ( c ) Data from 
 b , except that force is normalized per cross-sectional area 
(N/cm 2 ). This fi gure illustrates the atrophy- independent 
component of contractile dysfunction. ( d ) Maximal power 
in EDL muscle from all four animal models. ( e ) Data from 
panel Dwas normalized per cross sectional area of mus-
cles. It shows that a signifi cant drop in power is atrophy- 
independent. Data is the average ± SE of 24 EDL muscles 
from 12 mice for each genotype. * indicates a signifi cant 
difference (p < 0.01) between the control muscles and a 
particular genotype. ** indicates a signifi cant difference 
(p < 0.01) between the old MIPKO mice and the old 
Wtand mature MIPKO mice (FROM Romero-Suarez 
et al. [ 176 ])       
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 resistance. In their cross-sectional analysis of the 
National Health and Nutrition Examination 
Survey III (NANES III), they concluded that sar-
copenia, independent of obesity, is associated 
with compromised glucose metabolism [ 177 ]. In 
support of that analysis, another study conducted 
around the same time concurred that type 2 dia-
betes was associated with an increased risk of 
sarcopenia [ 178 ]. A relationship between diabe-
tes and sarcopenia certainly makes physiologic 

sense from the perspective that skeletal muscle 
represents the largest target tissue for insulin-
mediated glucose uptake. A decline in muscle 
mass with aging is, therefore, associated with a 
decrease in sites for glucose uptake, which would 
be further exacerbated by a decline in physical 
activity. Along with this, data supports an increase 
in triglycerides with aging, which have been 
indicted both in age-related mitochondrial dam-
age and with blocking of ability of insulin to 

  Fig. 4.9    Schematic drawing of the triad junction, the 
chief site of the E-C coupling process in skeletal muscles. 
The predicted localization of the four genes/proteins 
emphasized in this review article is shown and they are 
represented in different colors along with the 
Dihydropyridine Receptor (DHPR), the Ryanodine 
Receptortype1 (RyR1) and Calsequestrin (CSQ). In 
youngmusclesE-C coupling is effectively maintained 
through coordinated actions of the E-C coupling machin-
ery and the optimal participation of MG29, MTMR14, 
SAR, and KLF15. Their concentration and/or effective-
ness is reduced with aging, which associates with struc-
tural changes of the triad junction itself. Together these 
biochemical and morphological changes contribute to the 
reduced coupling between depolarization of the sarco-
lemma and contraction due to the reduced calcium release 
capacity of aged muscles. In summary, “E-C coupling 
quality” is reduced in aged muscles, and becomes a key 
factor to reduced muscle quality during aging. The steps 
of the E-C coupling process are described in detail in the 
text. In skeletal muscles, depolarization of the sarco-
lemma and its invaginations (t-tubules) represented by the 
lightning bolt in yellow color alters the confi guration of 
the DHPR, which modifi es its interaction with RyR1, 
leading to the dominant type of calcium release in skeletal 
muscle (depolarization-induced calcium release, DICR). 

This initial release phase can be further amplifi ed by a 
secondary mechanism, calcium-induced calcium release 
(CICR), the main release mechanism in cardiac muscles. 
The structural deformation as well as the lack of orga-
nized triads is a hallmark of aged muscles and also com-
mon in other diseases covered in this article. Not detailed 
in this fi gure is the process of calcium entry or re-entry, 
store-operated calcium entry (SOCE), responsible for 
continual refi lling of the sarcoplasmic reticulum (SR). 
SOCE is also reduced with aging, which we have postu-
lated contributes to sarcopenia and to the un-matching 
between muscle mass and muscle contractile force during 
aging, since force/power decrease signifi cantly more than 
the observed decrease in muscle mass. We foresee that 
new generations of drugs could be developed to specifi -
cally target the different steps of E-C coupling in disease 
states to increase effi ciency of Ca2+ handling. F. Altered 
Ca + 2 homeostasis is present in muscle fi bers from old 
Wtand MIPKO mice. Original traces representative of 
caffeine-induced Fura-2 Ca + 2 transients in mature Wt 
( black trace ), old Wt ( red trace ), and mature MIPKO 
FDB muscle fi bers ( blue trace ). Examples shown are rep-
resentative of 6–12 muscle fi bers from 3 mice, and data 
were normalized to the intracellular Ca + 2 concentrations 
in nM (From Manring et al. [ 102 ], doi:10.3389/
fphys.2014.00037. eCollection 2014. Review)       
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facilitate glucose entry into the muscle cell. All 
of these phenomena contribute to an increase in 
blood glucose. Insulin is a potent anabolic hor-
mone that impacts glucose, protein and lipid 
metabolism, and may play a signifi cant role in all 
of this as well. It facilitates glucose uptake, 
 inhibits hepatic glucose uptake and triglyceride 
production, inhibits skeletal muscle protein syn-
thesis and inhibits adipose tissue lipolysis [ 179 ]. 
Recognizing this relationship, research con-
ducted by Lee et al. provided data supporting a 
direct relationship between insulin resistance, the 
loss of lean muscle mass and the gain of fat mass 
in men aged 65 and older [ 180 ]. The chronic 
complications of  diabetes mellitus affect systems 
throughout the body; including bones. Individuals 

with type 1 diabetes mellitus have lower bone 
mass density, with impaired bone formation 
believed to be the primary cause [ 181 ]. Patients 
with type 1- or type 2-diabetic patients experi-
ence hypercalciuria during times of glycosuria. 
This increased loss of calcium has been hypoth-
esized to contribute to impaired bone quality 
observed with diabetes, although the direct 
effects of this loss of calcium on skeletal muscle 
function remains elusive. As more is understood 
about these chronic conditions, the connections 
between them are becoming undeniable. 
Recognizing these connections and conducting 
research from this multifactorial perspective will 
deepen understanding and  further the develop-
ment of meaningful interventions (Fig.  4.10 ).
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BDNF, CXCL-1, IL-5, IL-6, IL-
7, IL-15, irisin, LIF, NT-3, 
PGE2, TGFα,, TGFβ1, 

ATP, DKK-1, DMP-1, FGF-23, 
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  Fig. 4.10    Bone-muscle crosstalk, interactions with other 
tissues, and impact on chronic diseases. This original 
drawing illustrates the concept that interactions among 
different tissues throughout the organism are abundant 
and much more complex than previously realized. In this 
larger context, bone–muscle cross talk remains both phys-
iologically and pathologically relevant but is also seen as 
being affected by other tissues of the body. At the center 
of this fi gure is the outline of an individual, the patient. 
The smaller circle, closest to the patient, lists cells dis-
cussed in the text, along with factors they are known to 
secrete. The dashed line connecting these cells indicates 

that they are connected biochemically through the impact 
that their secreted factors have on one another. The larger 
circle surrounding the patient lists a number of conditions 
and diseases impacted by the biochemical interactions 
between cells listed and others. Special signifi cance for 
multi-tissue/organ cross talk is revealed by pathological 
conditions such as obesity, diabetes, and metabolic syn-
drome. The dotted line of this larger circle indicates the 
developing understanding that these conditions and dis-
eases impact one another. These conditions seem to 
directly infl uence sarcopenia and osteoporosisasdetailed 
in the text (From Isaacson and Brotto [ 182 ])       
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        The Role of Cartilage, Ligaments, 
and Tendons in Bone-Muscle 
Crosstalk 

    Crosstalk in MSK Development 

 As previously mentioned in this chapter, tissues 
of the musculoskeletal (MSK) system have been 
traditionally studied as individual and autono-
mous entities, in spite of being functionally inti-
mately associated. This is especially true for 
bones, muscles, and tendons, which are com-
monly referred to as the  musculoskeletal unit.  
This interrelationship is more noticeably charac-
terized by a biomechanical interdependence, 
which is essential for body movement. Tendons, 
in most cases, connect muscles to bones, as mus-
cles contract and shorten, they pull tendons, 
which in their turn pull bones, resulting in move-
ment. This way, a weakness in any component 
should imply in loss of functionality of the whole 
unit. In addition to bones, muscles, and tendons, 
other tissues are also part of the MSK system, 
such as ligaments, which are responsible for bone 
to bone connection and essential for joint stabil-
ity, and cartilaginous tissues. At the articular ends 
of bones, hyaline cartilage is closely associated 
with bone tissue as they form cartilaginous joints.

   More recently, the concept that the commu-
nication between MSK tissues may extend 
beyond their biomechanical relationship has 
been gaining momentum as novel evidence in 
this direction is acquired through new research. 
In this case, MSK tissues would  talk  by exchang-
ing chemical factors, in a paracrine or even 
endocrine way, that is, factors produced by one 
tissue would exert a determined effect on 
another tissue of the MSK system. Earlier in the 
chapter, we presented evidence about this bio-
chemical crosstalk between bones and muscles. 
However, what about other tissues of the MSK 
system? Is it reasonable to expect that they also 
communicate via chemical factors? Or, alterna-
tively, do they merely fulfi ll an essentially 
mechanical function? 

 In order to answer these intriguing questions, 
fi rst we turn our attention to the development of 
the MSK system, where the importance of a 

crosstalk, biomechanical and biochemical, has 
been demonstrated. The events that characterize 
MSK embryologic development are quite com-
plex and the objective of this section is not to 
present a comprehensive review of the topic, 
rather we will solely focus on fi ndings that point 
to a biochemical crosstalk between tissues of the 
MSK system during development. Furthermore, 
we will restrict our discussion to vertebrates, 
more specifi cally using limb development as a 
model [ 184 ]. Muscles, tendons, and bones pro-
genitor cells originate from different somites 
(i.e., divisions) of the mesoderm, respectively, 
the myotome, the syndetome, and the sclerotome. 
Two regions critical for the development of the 
MSK unit (muscle-tendon-bone): the myotendi-
nous junction and the entheses, are specialized 
regions representing the muscle-tendon and 
tendon- bone interfaces, respectively. Correct 
assembly of these regions, which requires close 
interactions between these tissues, is crucial for 
the proper functioning of the MSK system. 

 Experimental evidence has shown that, in 
addition to the most fl agrant role of mechanical 
load, the biochemical communication between 
bone, tendon, and muscle is crucial to their proper 
development. For example, scleraxis (Scx), a ten-
don marker, regulates the genetic expression of 
bone morphogenic protein-4 ( Bmp4 ) in tendon 
cells. When  Bmp4  expression was blocked in 
mice, it led to a partial loss of bone ridges [ 183 ], 
suggesting a role of factors secreted by tendon on 
bone ridge formation. In addition, syndetome- 
induction, which will initiate tendon formation in 
mouse embryos, is associated with fi broblast 
growth factors (FGFs), FGF-4 and FGF-6 in 
mice, and FGF-8 in chicken [ 64 ,  185 ], only 
expressed in the myotome. This induction is a 
consequence of the activation of Scx expression 
and other tendon markers [ 64 ,  186 ] (Fig.  4.11 ). 
Down- regulation of these tendon markers in 
muscle-less and aneural conditions was reverted 
by the administration of exogenous FGF4, dem-
onstrating an unequivocal biochemical depen-
dence of tendon formation from muscle [ 187 ]. 
On the other hand, muscle development, initially 
characterized by increased proliferation of 
myogenic cells with later adjustment to normal 
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morphology, happens because of controlled cell 
death  modulated by local apoptotic factor(s). 
Interestingly, only muscle fi bers that are not part 
of a stable myotendinous junction are affected, 
suggesting a role for tendon in muscle that belies 
morphogenesis. Retinoic acid, produced by both 
tendon and muscle, has been suggested as a 
potential apoptotic factor with an important role 
in mediating muscle apoptosis and muscle-ten-
don assembly [ 188 ]. 

    Bone-Cartilage Crosstalk 
 Like other interactions between contiguous tis-
sues of the MSK system, mechanical load is an 
integral part of their relationship and biomechan-
ical crosstalk is indisputable. In this way, defec-
tive bone remodeling affects its mechanical 
properties, and, consequently, modifi es how load 
is transmitted to cartilage, which ultimately 
results in altered local strains, and cartilage 
weakening and disease. Several studies have 
shown that initiation of osteoarthritis (OA) is 
preceded by increased osteoclastic activity and 

subchondral bone resorption [ 68 ], but it is not 
clear if it happens only because of mechanical 
causes or if other factors are also involved. 
Despite this almost ubiquitous mechanical infl u-
ence and the diffi culty of removing the mechani-
cal infl uence in this relationship, there is evidence 
that also points to a biochemical crosstalk 
between subchondral bone and cartilage in 
OA. In mice, over- expression of the EPHB4 
receptor in osteoblasts was able to protect against 
OA induced by medial meniscus destabilization. 
In this case, OA was not initially related to a pre-
viously altered mechanical environment, and 
molecular changes in bone were able to deter OA 
development, which clearly suggests a role for 
factor(s) produced by bone in this process, and a 
bone- cartilage crosstalk [ 189 ]. There is also evi-
dence that the hepatocyte growth-factor (HGF) 
may be part of the bone-cartilage crosstalk in 
OA. HGF expression and production in human 
subchondral osteoblasts are increased in OA, 
while the  protein, but not the gene, can be 
detected in the articular cartilage, suggesting that 

Induction

FGF TGFb Scx

Organization Aggregation and differentiationa b c

  Fig. 4.11    Tissue interactions required for tendon pro-
genitor induction in vertebrate embryos. Induction of ten-
don progenitors, identifi ed as Scx-expressing cells, 
depends on a unique set of tissue interactions in different 
parts of the embryo. Each panel shows tendon progenitor 
distributionby whole-mount in situ hybridization (ISH) 
with an Scxprobe. The line across each upper image 
shows the orientation of the section schematized beneath, 
which highlights the relevant tissue interactions (with ten-
don progenitors shown in  green ; muscle progenitors in 
 red ; cartilage in  yellow ). ( a ) Whole-mount ScxISH on 
E10.5 mouse embryo and a schematic of a frontal trunk 
section, showing somite pairs ( squares ) and the neural 
tube ( gray ). Skeletal tissue derives from the sclerotome(Sc) 
of somites, whereas the musculature arises from the 
myotome(m). The tendon progenitors are found in the 
syndetome(S,  green ), a stripe of sclerotomecells at the 
junction between two adjacent myotomes. Scxexpression 

in syndetomecells is induced by FGFs secreted from the 
adjacent myotomes ( arrows ). ( b ) Whole-mount ScxISH 
on E10.5 mouse limb bud and a schematized sagittal sec-
tion through the limb bud. In the early limb bud, Scxis 
expressed in mesodermal cells directly under the dorsal 
and ventral ectoderm. Scxexpression at this stage depends 
on ectoderm ( curved arrows ) and not on a signal from the 
myoblasts or from pre-chondrogeniccells. ( c ) Whole 
mount ScxISH on E12.5 mouse limb and a schematized 
sagittal section through the autopod. In the differentiating 
autopod, Scxis expressed in subectodermalmesoderm 
along the differentiating skeletal elements. Scxexpression 
along the differentiating digits can be induced by a signal 
from the skeletal condensations ( straight arrow ), and the 
sub-ectodermal position of the tendon progenitors sug-
gests a role for the ectoderm ( curved arrows ) in tendon 
induction as well.  A  anterior,  D  distal,  P  posterior,  Pr  
proximal,  nt  neural tube (From Schweitzer et al. [ 183 ])       
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subchondral bone could be the origin of that 
HGF. Other potential players in the bone-carti-
lage crosstalk are RANK ligand (RANKL) and 
osteoprotegerin (OPG). Interestingly, though 
both molecules are produced by bone and carti-
lage cells, RANK receptor is expressed only in 
human OA chondrocytes [ 190 ]. How does this 
crosstalk happen? First, there is evidence that 
small molecules can easily diffuse between the 
bone marrow and the articular space, suggesting 
that, at least for small molecules, a direct 
exchange of biochemical factors between sub-
chondral bone and articular cartilage is possible 
in a paracrine fashion [ 189 ,  191 ]. Second, during 
the pathogenesis of OA, vascular penetration in 
cartilage would expose the chondrocytes to cyto-
kines and growth factors, such as VEGF, NGF, 
IL-1, IL-6, HGF, or IGF-1, from subchondral 
bone [ 192 ]. Overall, the demonstration of the 
bone-cartilage crosstalk indicates that targeting 
subchondral bone is a viable therapeutic 
approach in the OA treatment [ 193 ].  

    Tendon-Muscle Crosstalk 
 We have mentioned that during development there 
is strong evidence pointing to a biochemical cross-
talk between muscle and tendon. Is there similar 
evidence post-development? Although the cross-
talk between MSK tissues is a recently new 
research topic and the factors supposedly respon-
sible for the crosstalk are yet to be identifi ed, there 
are subtle but unquestionable indications that the 
relationship between muscles and tendons go 
beyond their biomechanical dependence. 

 Tendinopathies are common overuse injuries 
in sports and are often associated with aging. 
Tendons are diffi cult to heal, and most of the time 
the mechanical properties of the tissue are poorer 
when compared to the normal tissue. Clinicians 
have known for quite a long time that eccentric 
(i.e. lengthening contraction), not concentric (i.e. 
shortening contraction), training is the most effec-
tive conservative treatment to promote healing of 
tendon diseases, including Achilles and patellar 
tendinopathies [ 63 ,  194 ]. In eccentric training 
muscle contraction occurs at the same time that 
the muscles and tendons are stretching or remain 
stretched [ 63 ]. Despite overwhelming clinical 

 evidence, the mechanisms of how eccentric con-
traction improves tendon healing remain 
unknown. The answer may be in how the expres-
sion of growth factors, such as TGFβ-1 and IGF- 
1, respond to eccentric and concentric training in 
tendons and muscles. Heinemeier et al. exposed 
rats to short-term strength training consisting of 
pure shortening (concentric), lengthening (eccen-
tric), or static plantar extensors contraction. 
Strength training in the Achilles tendon, regard-
less of the type of contraction, increased the 
expression of TGFβ-1 and IGF-1, even though the 
force produced was higher during the eccentric 
contractions. In the gastrocnemius muscle, there 
was similar upregulation of growth factors; how-
ever, the effect of lengthening was signifi cantly 
greater than the effect of shortening [ 195 ]. The 
fact that muscle, but not tendon, responded differ-
ently depending on the type of strength training 
strongly suggests that if eccentric contractions 
have superior effect on tendon healing, it may be 
caused by one or more muscle factors produced 
during eccentric but not concentric contraction. 

 Transgenic mice are useful models to study 
the role of specifi c cytokines in different tis-
sues. The  mdx  mouse is the classical animal 
model for Duchenne muscular dystrophy. 
Dystrophin is a cytoplasmatic protein that 
forms a complex that connects the cytoskeleton 
of the muscle fi ber to the surrounding extracel-
lular matrix. Without the dystrophin-complex, 
the sarcolemma becomes fragile and as the 
muscle fi bers contract the muscle is damaged. 
As a result,  mdx  skeletal muscles are ~20 % 
weaker than normal muscles. Rizzuto et al. 
found that in dystrophin-defi cient ( mdx ) mice, 
tendons are also affected by an increase in the 
number of dead cells, more energy dissipation 
during dynamic loading, and a signifi cant loss 
of the elastic properties of the tissue. 
Furthermore, these functional changes suggest 
that  mdx  tendon experience similar alterations 
to those found in  mdx  muscles (reduction of 
viable cells and higher infl ammatory response). 
It could be argued that a weaker muscle would 
cause a loss in tendon mechanical properties, 
but the similarity in response to missing dystro-
phin could also mean that either the protein has 
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a role in  tendon homeostasis or that there is a 
paracrine communication between muscles and 
tendons [ 196 ]. 

 The existence of a crosstalk between tissues of 
the MSK system, in development and adult life, are 
crucial for a better understanding of the biology of 
theses tissues and may open the door to strategies 
that would improve the regeneration of these tis-
sues, especially those that are diffi cult to heal.    

    Concluding Remarks and Future 
Directions 

 In the year 2000, United Nations member states 
signed the United Nations Millennium 
Declaration agreeing to work toward the achieve-
ment of eight Millennium Development Goals 
(MDGs) by the year 2030. Among these are the 
goals to improve health and combat disease. 
While major issues related to health care educa-
tion and access, such as proper diet, exercise lev-
els, and a host of social factors remain critical to 
be addressed, if humanity is to achieve the WHO 
health goals, all of us must do more. Even in face 
of all these challenges, however, humans are liv-
ing longer due in large part to basic improve-
ments in health conditions and reductions in 
absolute levels of poverty or misery. 

 Life expectancy in Japan has reached almost 
83 years and the oldest human on record has lived 
to 122 years of age. Very simple metabolic and 
telomerase estimations give us the clue that 
humans could live to 125 years of age. This 
increasing life expectancy poses a unique set of 
challenges. On the one hand, there is the desire to 
live a longer and healthier life, but the cost seems 
quite high since morbidities and co-morbidities 
combine to affl ict in particular older adults. 
Musculoskeletal diseases alone affect almost 
2 billion humans in the planet and the large 
majority of them are older persons. The puzzle 
that is facing us is that while living a long life is 
desirable; it is really the quality of such life that 
matters the most. 

 As MSK scientists are trying to put the pieces 
of this puzzle together, they have come across 
some very interesting new ideas. There is no 

doubt that bones-tendons-muscles come together 
in a unit of mechanical coupling where physical 
forces are constantly shaping the relationships 
between these tissues. What is relatively new is 
the “kine”; the endocrine-like role that these tis-
sues play. It seems that the human body is signifi -
cantly more endocrine than we had ever 
anticipated and the MSK players are no different 
from other parts of the body. 

 Thus, in this complex interaction of physical 
forces and secreted factors (myokines, osteo-
kines, tenokines), these tissues interact both 
physically and biochemically in ways about 
which we are still learning. However, it is even 
more complex. Behind these interactions, there 
are complex genetic signaling pathways appar-
ently shared among these tissues, and this pleiot-
ropy might itself infl uence the way these tissues 
respond to physical and biochemical forces and 
factors. 

 In a world fi lled with uncertainty, there is one 
certainty; the MSK fi eld is poised to bring many 
new developments and advancements as we 
improve our understanding of the MSK system 
and how different tissues interact and prime 
other in heath and disease. If we learn for exam-
ple to control or modulate the secretion or to 
mimic the effects of the “kines”, many MSK 
conditions could be treated or improved, includ-
ing the twin diseases of aging, osteoporosis and 
sarcopenia. One last and very positive aspect of 
this fi eld is that its basic research is continuing 
to push new boundaries of cell biological under-
standing, thus facilitating the development of 
new technologies that will benefi t science and 
humankind in general.     
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      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 (T), for 
men. However, research over the past several 
decades has demonstrated a key role for estro-
gen in maintaining skeletal integrity in men. 
Thus, a unitary model for involutional osteopo-
rosis has been proposed [ 1 ] that identifi es estro-
gen 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 evidence supporting their role is 
stronger in laboratory and clinical experiments 
than 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 T, in men and women from an epidemiologic 
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 (E2) assays were originally developed 
for pre-menopausal women and lack the sensitiv-
ity 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- 
menopausal women with very low levels. 
Measurements in pre-menopausal women 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 speci-
fi ed that the blood be obtained in the 2–5 day 
window of the early follicular phase of the men-
strual cycle. However, in women with irregular 
menstrual cycles or in women who were begin-
ning to transition into menopause, this standard-
ization 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 E2: 
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 E2 assays corre-
lated more highly with mass spectrometry [ 3 ]. 
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The extraction step in indirect assays removes 
cross-reacting substances that interfere with the 
assay. Mass spectrometry is the reference stan-
dard for measuring both male and female sex hor-
mones [ 4 ,  5 ]. Newer approaches to the assessment 
of sex steroids specifi cally using mass spectrom-
etry have been developed to reduce or eliminate 
interfering substances and now serve us the refer-
ence methods for sex steroids assays [ 6 ,  7 ]. 
However, until these methods are widely avail-
able, extraction based indirect methods are prefer-
able over direct assays. 

 Many of the more recent studies have used 
mass spectrometry methods. Two comparisons of 
immunoassays and mass spectrometry have been 
carried out in men. A study of 213 men aged 
22–91 years showed very high correlations for 
serum T and bioavailable T (BioT) comparing 
the 2 methods (r = 0.90 and 0.95, respectively) 
[ 8 ]. Within the US MrOS, MrOS Sweden and the 
European Male Aging Study, the spearman cor-
relation between the 2 assays for serum E2 
ranged from 0.53 to 0.76 [ 9 ]. However, serum E2 
correlated with the C-reactive protein using the 
immunoassay but not the mass spectrometry sug-
gesting that infl ammation may interfere with the 
immunoassay results. Nevertheless, the correla-
tions with areal BMD [ 9 ] and volumetric BMD 
[ 8 ] were similar across the 2 assays. This sug-
gests that we can, indeed, interpret earlier results 
of studies which relied on immunoassays. 

 In addition, the biosynthesis of androgens and 
estrogens is complex, differs in men and women 
and in pre and post-menopausal women. Many 
enzymes are involved in the production and 
metabolism of steroid hormones [ 10 ]. Androgens 
and estrogens are correlated. In post-menopausal 
women and men, androgens serve as the major 
precursor to E2. Free unbound and bioavailable 
hormone levels (the portion loosely bound to 
albumin) are highly correlated with each other 
and to the total hormone concentration. 
Nevertheless, most fi ndings are generally stron-
ger for the bioavailable hormone. Finally, in most 
studies, a single concentration of estrogen or T is 
available and the within person variability in the 
hormone concentration will lead to some mis-
classifi cation and weaken the fi ndings. 

    Sex Steroids and Age 

 Testosterone and E2 levels, especially the free 
or bioavailable fractions decline with increasing 
age in both men and women and the 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, 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 BioT 
and E2 by gender across ages is shown in 
Figs.  5.1  and  5.2  [ 11 ,  12 ]. Testosterone levels are 
higher in men than women at every age group. 
As expected, younger pre-menopausal women 
have higher E2 levels than younger men but this 
trend is reversed among the older women. Total 
E2 levels are 76 % higher and bioavailable E2 
(BioE2) levels are almost threefold higher on 
average in older men than in older women. In 
these data, the greatest declines were observed in 
the bioavailable fraction and not the total hor-
mone. Nevertheless, there may be substantial 
individually variability in the age-related decline 
in sex steroid hormones [ 13 ], suggesting that tar-
geting risk factors that contribute to the decline 
could prevent fractures.

        Sex Steroids and Bone Mineral 
Density (BMD) 

    Women 
 Serum estrogen measures have been consistently 
linked with appendicular and axial bone mineral 
density (BMD) measures in post-menopausal 
women [ 14 – 23 ]. In pre-menopausal women, total 
E2 and BioE2 were unrelated to BMD at the hip 
[ 15 ] or spine [ 24 ]. The strongest hormonal predic-
tor of BMD in pre and early peri-menopausal 
women was follicle stimulating hormone levels 
(FSH) [ 24 ]. 

 SWAN also evaluated the decline in BMD in 
relation to the fi nal menstrual period (FMP) [ 25 ]. 
BMD trajectories were divided into 3 segments: 
the pre-transmenopause (5 years to 1 year before 
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the FMP); transmenopause (1 year before to 2 
years after FMP) and post-menopause (2–5 years 
after the FMP). During the 10-year observation, 
the rates and cumulative amounts of bone loss 
were greatest during the initial years after the 
FMP, termed the transmenopause. Cumulative, 
10-year lumbar spine BMD loss was 10.6 %; 

7.38 % was lost during the transmenopause. 
Cumulative femoral neck loss was 9.1 %; 5.8 % 
was lost during the transmenopause. Black race/
ethnicity was related to slower loss rates, whereas 
the opposite was true of Japanese and Chinese 
women. Faster rates of lumbar spine BMD loss 
across the menopause transition compared to 

  Fig. 5.1    Total and bioavailable testosterones by age: men and women       

  Fig. 5.2    Total and bioavailable estradiol by age: men and women       
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femoral neck BMD were also reported in a small 
sample of White women enrolled in the Michigan 
Bone Health Study [ 24 ]. Greater BMD loss in the 
lumbar spine may refl ect the greater proportion 
of trabecular bone at the lumbar spine. 

 SWAN also examined the relations between 
sex steroids and gonadotropins and menopause- 
related BMD loss [ 26 ]. Higher levels of FSH 
(but not E2) predicted faster rates of lumbar 
spine BMD loss in the pre-transmenopausal and 
transmenopausal phases. During the third phase, 
starting 2 years post-menopause, lower levels of 
E2 (but not FSH) predicted higher rates of LS 
loss. Sex steroids and gonadotropins did not pre-
dict BMD loss during any phase at the FN site. 
Our fi nding that higher FSH and lower E2 were 
related to LS but not femoral bone loss could be 
due to statistical power – the ability to detect 
associations is greater at the lumbar spine, 
because the rate of bone loss is 50 % higher than 
that at the femoral neck [ 25 ]. Or, it may be that 
the lumbar spine, due to the predominance of 
trabecular bone, is more sensitive to the effects 
of changing hormones during the menopause 
transition [ 27 ]. 

 The observations from SWAN that FSH (and 
not E2) [ 2 ,  26 ] is related to perimenopausal bone 
loss is controversial. Investigations into the role 
of FSH and bone loss using mouse models pro-
duced confl icting fi ndings. One group reported 
that FSH receptor null (FORKO) mice are hypo-
gonadal, but have normal bone mass [ 28 ]. 
However, these mice also have high testosterone 
levels, which may be bone-protective. Another 
group reported that FORKO mice do have 
reduced bone mass and that bilateral oophorec-
tomy reduced their testosterone levels, leading to 
bone mass values similar to oophorectomized 
control mice [ 29 ]. However, a randomized con-
trolled trial in which postmenopausal women 
were randomized to leuprolide acetate or placebo 
(along with an aromatase inhibitor in each group) 
found that FSH suppression did not affect bone 
turnover markers [ 30 ]. It may be that FSH is a 
more sensitive marker of declining E2 levels 
early in the MT, especially in studies such as 
SWAN that measure annual sex steroids during 

the early follicular phase, when estrogen is at its 
cyclic nadir. But, it may also mean we can mea-
sure FSH more accurately than E2. SWAN uses a 
direct assay to measure E2 and these E2 levels 
may be inaccurate because of cross-reactivity. 

 The association between T and BMD in older 
post-menopausal women is less consistent with 
some reports showing associations with one 
BMD site and not others [ 16 ,  19 ,  20 ] or free T 
and not total T [ 16 ,  18 ]. In contrast to fi ndings 
with respect to E2, total BioT levels were posi-
tively correlated with BMD in pre-menopausal 
women [ 15 ]. 

 Longitudinally, low E2 concentrations are 
associated with faster rates of bone loss in older 
post-menopausal women [ 21 ,  31 ,  32 ] but not in 
pre-menopausal women [ 2 ,  24 ,  31 ,  33 – 35 ]. 
Nevertheless, within a group of pre-menopausal 
women, women with lower estrogens experi-
enced faster rates of bone loss [ 36 ]. Follow-up in 
most of these studies was <4 years and it’s pos-
sible that over longer periods of time, estrogen 
levels could predict rates of bone loss. In the 12 
year study of Rannevik et al, after about 3 years 
post-menopausally, E2 correlated with rates of 
bone loss [ 37 ]. Testosterone was not correlated 
with changes in BMD [ 2 ,  34 ,  35 ] except for a 
single study. Bone loss over a 2–8 year follow-up 
was related to lower androgens in premenopausal 
women but to both lower androgens and estro-
gens in post-menopausal women [ 31 ].  

    Men 
 Two “Experiments of Nature” [ 38 ] have provided 
essential information about the importance of 
estrogen to the male skeleton. An alpha-estrogen 
receptor defi cient male was found to have high 
circulating estrogens, normal T levels but very 
low BMD [ 39 ]. Three men with an aromatase 
defi ciency, rendering these men estrogen defi -
cient were found to have very low BMD and all 
responded well to estrogen replacement [ 40 ,  41 ]. 

 Population studies of older men have reported 
positive correlations between total E2 and/or 
BioE2 in both older and younger men [ 15 , 
 42 – 48 ]. The relationships tended to be stronger 
for BioE2 than total E2 [ 15 ,  44 ]. In contrast, there 
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is little evidence that total or BioT is correlated 
with BMD in older or younger men, at least in the 
range of normal T [ 15 ,  43 ,  47 ,  49 ,  50 ]. In the 
Framingham Study, BMD at any site did not dif-
fer in hypogonadal men compared to eugonadal 
men [ 46 ]. In the US MrOS study the proportion 
of men who were hypogonadl (T <200 ng/dl, 
6.9 nmol/L) and E2 defi cient (E2 < 10 pg/ml, 36.7 
pmol/L) was greater in men with hip BMD 
T-score below −2.5 [ 51 ]. 

 The relative contribution of T and estrogen in 
regulating bone resorption and formation in men 
was examined by eliminating endogenous T and 
estrogen production in 59 older men, average age 
68 years [ 52 ], and then replacing either T, E2 or 
both. Bone resorption markers increased signifi -
cantly in the absence of both T and E2. 
Administration of E2 alone prevented the increase 
in bone resorption but administration of T had no 
effect. In contrast, both T and E2 individually 
maintained levels of bone formation. Thus, 
although correlations between BMD and T levels 
are usually not apparent, T appears to infl uence 
bone formation. 

 An interesting paper by Araujo tested whether 
differences in sex hormones could explain racial 
differences in BMD [ 53 ]. Total and free T were 
higher in Black and Hispanic men with little dif-
ference in comparison to White men. Positive 
correlations were observed between E2 and BMD 
in Black, Hispanic and White men but there was 
no evidence that E2 could account for the differ-
ences in BMD across race/ethnic groups [ 53 ]. 

 Other cross-sectional studies have shown 
associations between sex steroid hormone levels 
and BMD. In the nationally representative third 
National Health and Nutrition Examination 
Survey (NHANES III), the odds of low bone 
mass (T-score −1 to <2.5 SD) was 3.8 (1.87–7.78) 
and 1.69 (0.95–2.98) for those with lowest free T 
and free E2, respectively (p-trend across quar-
tiles, free T, p ≤ 0.001; E2, p = 0.04); absolute 
cutoffs for quartiles, not provided. Men with low-
est SHBG had a 60 % lower risk of having low 
bone mass. Although there was no association 
across quartiles of E2, men with total E2 < 20 ng/l 
had a lower BMD than men with normal E2 [ 54 ]. 

 Cross-sectional studies have consistently 
shown an important role for estrogen in deter-
mining the skeleton but it is unclear whether 
estrogen contributes to peak skeletal mass or 
affects bone loss in men. Low total BioE2 con-
centrations were associated with faster rates of 
bone loss in older men [ 55 – 57 ]. There was no 
association between total or BioT concentrations 
and change in BMD [ 56 ]. Similarly, the rate of 
increase in BMD in younger men (age 22–39) 
was correlated with total and BioE2 but not with 
total or BioT [ 55 ]. SHBG has been shown to cor-
relate with cortical bone in men at the age of peak 
skeletal mass [ 58 ]. Of importance, a threshold 
level for BioE2 below which aging men begin to 
lose bone was suggested [ 55 ]. Elderly men with 
BioE2 < median (40 pmol/L) had signifi cantly 
higher rates of bone loss and levels of bone 
resorption markers than men with higher BioE2 
levels. This subset of older men may be the most 
likely to benefi t from preventive efforts. 

 The US MrOS Study also supports a threshold 
for BioE2 regarding rates of bone loss. Men with 
the lowest BioE2 (<39.7 pmol/L) lost signifi -
cantly greater BMD in comparison with men 
with the highest BioE2 (≥66.0 pmol/L) [ 59 ]. 
Above this level, the rate of BMD loss did not 
differ. However, the spline analysis did not iden-
tify a signifi cant threshold perhaps because we 
measured areal BMD, a mix of cortical and tra-
becular BMD and this threshold may be most 
important for cortical volumetric BMD [ 12 ]. The 
MrOS results are also consistent with a threshold 
of BioE2 for fracture risk [ 60 ,  61 ] although the 
threshold level was slightly lower than described 
for BMD. The US MrOS Study also found a sig-
nifi cant threshold for SHBG [ 59 ]. Men with 
SHBG above 50.9 nmol/L experienced signifi -
cantly faster rates of BMD loss. This threshold is 
consistent with the MrOS Sweden where men 
with SHBG in the highest quartile (52.5 nmol/L) 
had an increased risk of fractures [ 60 ]. In US 
MrOS, a threshold for SHBG and fracture risk 
was also identifi ed, although the threshold was 
higher at ≥59.1 nmol/L [ 61 ]. The results suggest 
a nonlinear relationship between SHBG and rates 
of bone loss and fracture. A metaanalysis of all of 
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these studies would be helpful in defi ning the 
threshold for BioE2 and SHBG. 

 We also showed that the odds of rapid hip bone 
loss (annualized rate of hip bone loss −3 % per 
year) was three fold higher in men who were T 
defi cient and two fold higher among men who 
were estrogen defi cient [ 51 ]. Analyses from 
MrOS suggested that the strongest association 
between sex steroids, SHBG, bone loss and frac-
ture were in analyses when the combination of all 
three measures were considered [ 59 ,  61 ]. Men 
who had the lowest BioE2 (<39.7 pmol/L), the 
lowest BioT (<5.43 nmol/L), and the highest 
SHBG (≥62.9 nmol/L) experienced an annual-
ized rate of bone loss that was three times faster 
than men with high BioE2, high BioT, and low 
SHBG. These results suggest that each hormone 
plays a role in maintaining BMD longitudinally. 
Delineating each hormone’s role in maintaining 
BMD is complex because the bioavailable mea-
sures were derived from mass action equations 
that include SHBG. Nevertheless, future research 
should consider the role of each individual hor-
mone and their interactions on maintaining BMD. 

 Estrone is a biologically weaker estrogen than 
E2 but circulates at greater concentrations. 
Estrone was moderately correlated with BioE2, 
but the relative importance of estrone is unknown 
in comparison with BioE2 [ 59 ]. We found mod-
est correlations between estrone and baseline 
BMD (r = 0.09). Longitudinally, BioE2 was 
strongly linked with BMD loss, but estrone was 
not. The associations of BioE2 with BMD and 
BMD loss were independent of estrone, suggest-
ing that BioE2 is the predominant estrogen in 
older men [ 59 ]. 

 Among Japanese men, no association was 
reported between total E2 and rates of bone loss 
but free T was signifi cantly related to change in 
BMD over 3 years but not longer [ 62 ]. They used 
a direct assay and it is not clear why they mea-
sured free T but not free E2. The body mass index 
(BMI) of these Japanese men (23.3 kg/m 2 ) was 
very different from that of US men in the MrOS 
Study (27.5 kg/m 2 ). 

 The MrOS Hong Kong Study used GC-MS to 
measure sex steroids in 1489 Chinese men and 

reported inverse associations between total E2 
and BioE2 and rates of bone loss [ 63 ]. The differ-
ence in results between these 2 studies of Asians 
may have refl ected the difference in laboratory 
methods.    

    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 [ 11 ,  12 ,  64 ]. As shown in Fig.  5.3  (women) 
and Fig.  5.4  (men), the “threshold” theory exists 
only for cortical bone. At all cortical sites, volu-
metric BMD was associated with BioE2 at low 
but not high BioE2. Trabecular bone on the other 
hand, was correlated with BioE2 both above and 
below the median. The authors speculate that 
reductions in BioE2 levels to below the threshold 
will result in greater decreases in trabecular bone 
than cortical bone. Cortical bone on the other 
hand is not sensitive to declining BioE2 levels 
until they decline past the threshold. This theory 
is consistent with the observation that menopause 
related bone loss primarily affects trabecular and 
not cortical bone. Further studies are needed to 
confi rm this observation. Improved assays are 
needed to identity the specifi c cutpoint. In the 
papers described above, 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 BioE2 or BioT in young men or 
pre-menopausal women. In older men and 
women, both BioE2 or BioT were related to 
many of these structural parameters and to tra-
becular microarchitecture [ 11 ,  12 ]. 

 In a longitudinal study of 108 women fol-
lowed over the menopause for 15 years, there was 
an increase in periosteal apposition, leading to an 
increase in skeletal size [ 65 ]. This increase in size 
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a b

  Fig. 5.3    ( a ) Relationship between trabecular vBMD at 
the vertebrae and serum BioE2 levels in group A (age 
20–39) ( dotted lines ,  crosses ), group B (age 40–59) ( solid 
lines ,  circles ), and group C (age ≥60) ( dashed lines ,  tri-
angles ) (all women). Slopes are as follows: group A, 4.4; 
group B, 14.9; and group C, 12.9. ( b ) Relationship 
between cortical vBMD at the distal radius and serum 

BioE2 levels in 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 BioE2 levels are on a log scale (By permis-
sion of The Endocrine Society [ 11 ])       

  Fig. 5.4    ( a ) Femur neck cortical vBMD and ( b ) vertebral trabecular vBMD as a function of BioE2 levels below and 
above 30 pM in Rochester, MN, men (By permission of  Journal of Bone Mineral Research  [ 12 ])       
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in part compensates for the loss in bone strength 
due to post-menopausal bone loss. Of impor-
tance, post-menopausal serum E2 levels were 
highly correlated with changes in the periosteal 
diameter. These results support a role for estro-
gens in maintaining bone size parameters. 

 Most fractures occur after the age of 65 and 
are attributed to greater loss of cortical than 
 trabecular bone [ 66 ]. Increase in cortical porosity 
due to intracortical remodeling reduces bone 
strength. Vandenput et al showed that E2 and free 
E2 are inversely correlated with cortical porosity 
at least in older men [ 67 ]. There was no relation-
ship with T levels. These results may suggest that 
low E2 levels may predispose individuals to frac-
ture because low E2 levels lead to greater cortical 
porosity. 

 The association between serum E2 and T to 
bone microarchitecture was recently reported 
from the Structure of the Aging Men’s Bones 
(STRAMBO) cohort [ 68 ]. Among men age 65 or 
older, E2 was a major determinant of cortical 
bone, especially if T levels were low. Other cross- 
sectional studies have shown E2 but not T to be 
correlated with hip strength variables beyond 
areal BMD in older men [ 69 ].  

    Sex Steroids and Fractures 

    Women 

 Early case control studies comparing sex steroids 
in women with and without a fracture were con-
fl icting [ 70 – 73 ]. These contradictory results may 
have refl ected the small sample sizes, biased 
selections of cases and controls, alterations in 
hormones resulting from the fracture itself and 
use of low sensitivity assays. Prevalent vertebral 
fractures were less common among women who 
had an E2 level >5 pg/ml (18 pmol/L): The mul-
tiple adjusted odds ratio was 0.4 (95 % confi -
dence intervals, 0.2–0.8) [ 17 ]. In contrast, in the 
Rancho Bernardo Study, the prevalence of verte-
bral fractures was not related to either total or 
BioE2 or BioT in older women [ 74 ] although ear-
lier reports from this cohort showed a relation-

ship between estimated BioT (but not E2) and 
height loss [ 75 ]. 

 The prospective studies of endogenous hor-
mones and fracture are summarized in Table  5.1  
[ 76 – 85 ]. In the Study of Osteoporotic Fractures 
(SOF), women with E2 below the sensitivity of 
the assay (<5 pg/ml (18 pmol/L)), had a 2½ fold 
increased risk of a hip fracture (Relative Risk 
(RR) = 2.5; 1.4–4.6) even after adjusting for age 
and body weight [ 76 ]. Adjustment for BMD 
attenuated the RR slightly to 1.9(1.0–3.6) sug-
gesting that at least part of this association 
refl ected the higher BMD among women with 
higher endogenous concentrations of E2. Of 
importance, the RR remained signifi cant suggest-
ing that E2 may have other effects which contrib-
ute to their effect on fractures.

   Women with low free T had an increased risk 
of hip but not vertebral fracture but this was not 
signifi cant after adjusting for E2 [ 76 ]. The risk of 
hip fracture increased with increasing serum con-
centrations of SHBG but this association appeared 
to be slightly dependent upon body weight. The 
combination of low E2 and high SHBG was asso-
ciated with an age-adjusted 14 fold increase in hip 
and 12 fold increase in vertebral fractures. 

 The OFELY cohort of French women were 
about 10 years younger on average than women 
in SOF [ 77 ]. In this study, low E2 (defi ned as 
lowest Quartile (<39.6 pmol/L) was associated 
with an increased risk of fracture. Neither SHBG 
or T 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 esti-
mated that women with both high resorption 
markers and low E2 had a threefold increased 
risk of fracture. 

 In the French Epidemiology of Osteoporosis 
(EPIDOS) Study, low concentrations of E2 were 
unrelated to hip fractures, even after exploring 
various cutoffs from <10.8 pmol/L (2 % of sub-
jects) to <25.2 pmol/L (38 % of subjects) [ 78 ]. 
However, women with  high  (≥36 pmol/L) 
 concentrations were protected (RR = 0.66 (0.44–
0.98)). Women with the highest levels of SHBG 
(Quartile IV) had a 2.5 fold (1.4–4.6) increased 
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risk of hip fracture in comparison to women with 
the lowest SHBG (Quartile 1). 

 In the Rotterdam Study of vertebral fractures, 
mean age 68 years, low E2 was associated with 
an increased risk and low SHBG, a decreased risk 
of vertebral fractures, independent of BMD [ 79 ]. 
Women with a combination of both low E2 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. 

 Two studies examined the association of 
endogenous hormones to any type of incident 
fractures [ 80 ,  81 ]. In these studies, low E2, or a 
measure of free estrogen index were associated 
with increased fractures. In the Finnish Study, 
SHBG was unrelated to fracture risk. 

 A nested case control study within the 
Women’s Health Initiative Observation Study 
(WHI-OS) [ 3 ] examined the association between 
endogenous sex hormones and hip fracture. In 
separate bivariate models, women with 
BioE2 > 8.2 pg/ml had a 56 % lower risk and 
women with BioT >14 ng/dl had a 38 % lower 
risk of hip fracture. Women with SHBG >1.7 ng/
dl had a 90 % increased risk. However, BioE2 
was no longer signifi cant in models with all 3 
hormones and other risk factors. BioT and SHBG 
remained strong predictors in these multivariable 
adjusted models. 

 In a second report from WHI, there was no 
evidence that the effect of hormone therapy on 
fracture risk reduction differed by baseline E2 or 
SHBG [ 82 ]. Across all quartiles of E2 and SHBG, 
women randomized to hormone therapy, experi-
ence a 50 % reduction in fracture. Multivariate 
models examining the main effect of sex steroids 
on fracture showed a signifi cant effect of SHBG 
but not BioE2 on fracture risk. 

 The lack of an association with BioE2 con-
fl icts with other studies. The women in WHI 
were heavier and younger with higher BioE2 
than women in other studies and the authors 
speculate that the relation of endogenous estro-
gen and hip fracture may be weaker in these 
women. The WHI studies were also substantially 
larger than previous studies. 

 The Osteoporosis and Ultrasound Study 
(OPUS) found an association of lower E2 

(<8.15 pg/ml) and vertebral fractures [ 83 ]. There 
was no association between E2 and non-vertebral 
fractures or between SHBG and any fracture. 
This study was unique in its examination of mor-
phometric vertebral fractures and inclusion of 
both BMD and bone turnover in the models. 
However, power was low in this study. 

 Similarly, E2 was lower and SHBG were 
higher among women with vertebral fractures 
versus women with no fracture [ 84 ]. There was 
no difference in the levels between women with 
a clinical versus radiographic fracture. A low 
free E2 index (<0.35) was associated with an 
increased risk of clinical (HR = 2.18; 95 %, 
1.11–4.28) and radiographic (HR = 1.77; 95 % 
CI, 1.02–3.07) vertebral fractures. Nevertheless, 
the sensitivity of this index for predicting verte-
bral fracture was only about 44 % with area 
under the receiver operating curves of 0.59 sug-
gesting that inclusion of sex steroid hormones in 
prediction models is not much better than 
chance alone. 

 The Swedish Women’s Health in the Lund 
Area Study [ 85 ] found no association between 
total E2, T or SHBG and fracture. An increased 
fracture risk was observed in women with low 
androstenedione and androstenedione/SHBG 
ratio. These women were considerably younger 
than most previous studies and was unique in its 
inclusion of androstenedione. 

 Taken together, these studies suggest an asso-
ciation between E2 and fracture. Of importance, 
these associations were found across several dif-
ferent 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 
[ 86 ] and it will be important to study whether E2 
predicts fracture in these women, especially 
since their body weight tends to be lower than 
Caucasians [ 87 ]. Testosterone was not related to 
fractures in these women and the association 
between SHBG was inconsistent. Future studies 
should use state of the art assays for T and 
include the free or BioT.  

5 Sex Steroids and Aging Bone
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    Men 

 A number of case control or cross-sectional stud-
ies have examined the role of sex steroids and 
fractures in older men. The prevalence of T defi -
ciency was reported to be higher among men 
with hip fracture [ 88 ,  89 ] in comparison to con-
trols. E2 levels were lower and SHBG higher in 
two small studies of men with idiopathic osteo-
porosis [ 90 ,  91 ], but not in other studies [ 92 ]. In 
the Rancho Bernardo cohort, men with a preva-
lent vertebral fracture had lower total and BioE2 
but there was no difference in T [ 74 ]. Finally, E2 
and T levels were similar in men with and with-
out a vertebral fracture but SHBG levels were 
higher in the fracture group [ 93 ]. These retro-
spective studies are limited by their small sample 
size (ranging from 12 to 81) and their highly 
select nature of the cases and controls. 

 Since the publication of the fi rst edition, there 
has been a large increase in the number of longi-
tudinal studies examining sex steroid hormones 
and fractures in older men, Table  5.2  [ 79 ,  94 –
 101 ]. In the early studies, the number of cases of 
fractures was extremely small, ranging from 22 
to 54. The association between circulating sex 
steroids and prevalent fracture was examined in 
2908 older men enrolled in MrOS Sweden [ 96 ]. 
Total E2 and T were measured using RIA and 
free E2, calculated using mass action equations 
and a fi xed concentration of albumin. Free 
E2 < median was not associated with prevalent 
fractures although men with free E2 in the 10 th  
percentile had a signifi cant higher prevalence of 
all fractures and x-ray verifi ed vertebral fractures. 
On the other hand, free T was related to all preva-
lent fractures, osteoporosis related fractures and 
vertebral fractures with odds ratios ranging from 
1.26 to 1.77 for those men with free T < median. 
Information on the absolute levels of these cut-
offs was not provided in the manuscript.

   In the Framingham cohort, Amin and col-
leagues showed that men with total E2 (<18.1 pg/
ml) had a threefold increased risk of hip fracture 
even after adjusting for age, BMI, height and 
smoking [ 46 ]. There was no association between 
total T and hip fracture. However, men with both 
low E2 (<17.2 pg/ml) and T (<3.85 ng/ml) had 

the greatest risk of hip fracture (adjusted hazard 
ratio (HR) = 6.5 (95 % CI), 2.9–14.3). 

 In the Longitudinal Aging Study of Amsterdam 
(LASA), men with BioE2 and BioT < median, the 
HR for low trauma fractures was 2.20; 95 % CI, 
1.08–4.50 and 1.54; 95 % CI, 0.81–2.93, respec-
tively [ 98 ]. When men and women were com-
bined, the HR for total T achieved statistical 
signifi cance. The absolute level of the median E2 
and T was not defi ned. 

 In the MrOS Sweden Study, men with total 
E2 >16.0 pg/ml had a reduced incidence of all 
fractures, non-vertebral fractures and clinical 
vertebral fractures [ 60 ]. There was no association 
across quartiles of total T and fracture but men 
with the highest free T (>99 pg/ml) has a lower 
risk of any fracture (HR = 0.47; 95 % CI, 0.31–
0.71), non-vertebral fracture, (HR = 0.26; 95 %, 
0.12–0.57) and a clinical vertebral fractures 
(HR = 0.31; 95 % CI, 0.14–0.69). Men with the 
highest SHBG (>52.5 nM) had a signifi cantly 
increased risk of any fracture and clinical verte-
bral fractures. The relationship between E2 and 
fracture risk was non-linear with a strong rela-
tionship at a level of <16 pg/ml for E2. 

 Meier et al was the fi rst to examine the asso-
ciation between endogenous sex steroid hormone 
and fractures using state-of-the-art mass spec-
troscopy [ 99 ]. One standard deviation decrease in 
total E2 and total T was associated with an 
increased risk of low trauma fractures with the 
HR slightly strongest for total T. Adjustment for 
SHBG comparing men with the lowest T 
(<294 ng/dl) with the highest (≥559 ng/dl), the 
HR for fracture was 2.26; 95 % CI, 1.20–4.20. 
Comparing men with the lowest E2 (<14 pg/ml) 
versus the highest, (>25.6 pg/ml), the HR was 
1.61; 95 % CI, 0.90–2.80. The HR in models 
adjusting for BMD attenuated the associations 
slightly suggesting that BMD may mediate the 
association of sex steroid hormones and 
fracture. 

 In the US MrOS Study, men with BioE2, 
<11.4 pg/ml; BioT, <163.5 ng/dl or SHBG, >59.1 
nM had a signifi cantly increased risk of non- 
vertebral fracture in separate models [ 61 ]. 
However, the association between BioT and frac-
ture was attenuated after adjusting for BioE2. In 
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the combined model men with low BioE2, low 
BioT and high SHBG had the highest risk of frac-
ture, HR = 3.4; 95 % CI, 2.2–5.3. 

 Similarly, men enrolled in the EPIC-Oxford 
Study were followed for 5 years for incident non- 
digit fractures [ 97 ]. An inverse association was 
observed for free E2 but not for free T or 
SHBG. In contrast, the Tromso Study reported no 
association between E2 or T and fracture but men 
with highest SHBG had an increased risk of frac-
ture that was attenuated and no longer signifi cant 
after adjusting for BMD [ 101 ]. 

 Hsu studied an Australian cohort and found no 
association for total E2, T or SHBG and fractures 
after adjusting for age, BMI, smoking status and 
comorbidity [ 102 ]. This study also included 
dihydrotestosterone and estrone and neither hor-
mone was related to fracture in the univariate or 
multivariate models. This study was limited 
because of its high loss to follow-up rate. 

 Finally, all previous studies were carried out 
in men who for the most part were of European 
descent. Woo et al followed 1489 Chinese men 
for up to 4 years. Total E2 and BioE2 were related 
to fracture risk but there was no association with 
T or SHBG [ 63 ].   

    Summary 

 This review clearly supports a key role for E2 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 T and 
fractures at least in women and men with T in 
the normal range. 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 E2 in 
both men and women and differential effects on 
trabecular and cortical bone needs to be con-
fi rmed. Prospective studies of sex hormones and 
fracture in women generally show a strong rela-
tionship between serum E2 and  subsequent 

 fracture risk. Nevertheless, until mass spectrom-
etry is routinely available, clinical use of E2 as a 
marker of risk is not recommended. There has 
been a major growth in the prospective data on 
sex hormones and fractures in men. Many ear-
lier studies relying on RIA did not show an 
association between total or bioavailable E2 or 
T. Larger studies published more recently show 
an inverse association between E2 and fracture 
[ 60 ,  61 ,  63 ,  98 ,  99 ]. Two well characterized 
cohort studies reported an inverse association 
with BioT and fracture [ 61 ,  98 ]. There has been 
one prospective study showing an association 
between total T and subsequent fracture [ 99 ]. 
For the most part, higher SHBG was related to a 
higher risk of fracture. However, various frac-
ture outcomes have been examined and each 
paper adjusted for different sets of confounding 
variables. BMD was not consistently adjusted 
for in the models. 

 Sex steroid hormones have been linked to 
frailty [ 103 ]. In particular, low levels of T are 
independently associated with more frailty in 
older men and greater loss of lean mass [ 104 ]. 
Thus, testosterone could infl uence fracture and 
skeletal health through an effect on muscle mass 
and physical performance. 

 Emerging from these data is the hypothesis 
that all these sex hormones signifi cantly infl u-
ences fracture risk. As part of MrOS, men with 
low BioE2, low BioT  and  high SHBG experi-
enced faster rates of bone loss and more fractures 
[ 59 ,  61 ]. Further research should examine the 
combination of these various sex hormones and 
skeletal outcomes. 

 Fractures are clearly multifactorial and a com-
bination of biomarkers may be essential in iden-
tifying high risk individuals. For example, in 
MrOS, 25-hydroxyvitamin D (25(OH)D) <20 ng/
ml was associated with greater rates of hip bone 
loss and hip fracture [ 100 ,  105 ]. There was no 
association between 25(OH)D and non-spine 
fracture. However, 25(OH)D in combination with 
low BioE2, BioT or SHBG had an increased risk 
of non-spine fracture and major osteoporotic 
fracture, Fig.  5.5  [ 106 ]. These results suggest that 
a multifactorial approach may be optimal in iden-
tifying endocrine infl uences on bone health.
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      Animal Models for Aging Bone                     

     Ken     Watanabe       and     Gustavo     Duque     

         Introduction 

 Age-related decline in bone mass is a universal 
phenomenon among laboratory mammals. 
Research on aging has been conducted using var-
ious models from yeast and nematode to mouse 
and non-human primates, and has rapidly pro-
gressed due to the recent development of forward 
and reverse genetics, as well as functional genom-
ics. Some mouse models bearing artifi cially or 
naturally modifi ed genes develop bone pheno-
types with various pathologies. Among those 
mice, some are considered to be potent models 
for understanding the pathophysiology of age- 
related bone loss and osteoporosis in humans. 
Here, available models for the study of age- 
related bone loss and osteoporosis are introduced 
and discussed.  

    Normally Aged Animal Models 

 Besides mice and rats, studies of osteoporosis in 
guinea pigs, rabbits, cats, dogs, and pigs have been 
reported. And while, compared to mice and rats, 
some of those evaluated are considered to be better 
models relatively to humans in terms of similarity 
in estrus cycles or Haversian remodeling, the num-
ber of studies is quite limited. Studies in non-
human primates, such as monkeys, have been 
considered to be the best and most relevant in terms 
of human skeletal structure and metabolism [ 1 – 6 ]. 
While breeding cost and ethical considerations are 
the highest among the animal models, therapeutic 
trials in non-human primate models are considered 
the most informative relative to humans. An age-
dependent bone loss in these animals has also been 
well described. On the other hand, primary screen-
ing of candidate anti-osteoporotic compounds has 
been tested more often in rat than mouse models, 
probably because they have relatively 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 an age-related decline in bone mass, are appar-
ent in rodent models of aging (Fig.  6.1 ). 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, 
develops a senile osteoporosis-like bone  phenotype 
with decreased bone mass and quality [ 7 – 14 ]. Both 
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trabecular and cortical bones suffer dynamic 
changes upon aging in these mice. Two studies [ 7 , 
 8 ] have assessed the age-related changes in the 
bone of C57BL/6 J male mice. Mice were aged 
between 4 and 104 weeks. In young mice, rapid 
growth was marked by substantial increases in 
bone size, mineral mass, and mechanical proper-
ties. Maturity occurred between 12 and 42 weeks 
of age with the maintenance of bone mass and 
mechanical properties. From peak levels, mice 
aged for 104 weeks experienced decreased whole 
femur mass (12.1 and 18.6 % for dry and ash mass, 
respectively), percentage mineralization (7.4 %), 
diminished whole bone stiffness (29.2 %), energy 
to fracture (51.8 %), and decreased cortical thick-
ness (20.1 %). Indices of surface-based formation 
decreased rapidly while the periosteal perimeter 
and, consequently, the cross-sectional moments of 
inertia continued to increase through 104 weeks, 
thus maintaining structural properties. This com-
pensated for cortical thinning and increased brittle-
ness due to decreased mineralization and stiffness. 
The shape of the mid- diaphysis became increas-
ingly less elliptical in aged mice, and endocortical 
resorption and evidence of subsequent formation 
were present in 20–50 % of femurs aged ≥ 
78 weeks. This, combined with the appearance of 
excessive endocortical resorption after 52 weeks, 
indicated a shift in normal mechanisms regulating 

bone shape and location, and was suggestive of 
remodeling. The authors concluded that the pattern 
of bone loss at the femoral mid-diaphysis was 
markedly similar to that seen in cortical bone in the 
human femoral neck in age-related osteoporosis. 

 Interestingly, expression of RANKL, also 
known as osteoclast differentiation factor, is 
increased upon aging and correlates with cancel-
lous bone volume [ 9 ,  10 ]. On the other hand, bone 
marrow hematopoiesis is often affected by aging 
[ 11 – 14 ]. C57BL/6 is known to develop clonal B 
cell expansion and lymphoma frequently in this 
aging mouse strain [ 13 ,  14 ], suggesting that age-
related, strain-specifi c hematopoietic disorganiza-
tion, such as lymphoma, largely affects bone 
metabolism and bone resorption in particular. 
Furthermore, in another common strain, BALB/c, 
osteogenic stem cells from 24-month-old mice 
exhibit a decrease in proliferative potential upon 
aging [ 11 ]. It is suggested that the age-related 
bone loss in this model is caused by decreased 
osteogenic potential due to both quantitative and 
qualitative declines,  especially in stem cell func-
tion (Figs.  6.2 ,  6.3 , and  6.4 ).

     In mature rats (from 8 to 36 months of age), 
the only change reported in bone structure is an 
increase in the cross-sectional moment of inertia 
(distribution of the bone around the central 
axis), due to the expansion of the outer diameter 

a b

  Fig. 6.1    A comparison of bone marrow between young 
and old rats. The fi gure shows remarkably higher levels of 
bone marrow fat ( white areas ) in a 24-month-old rat ( b ) as 

compared with a 4- month-old rat ( a ). In addition, the tra-
becular thickness is reduced in the old rat, as is the amount 
of hematopoietic tissue (Adapted from Duque [ 119 ])       
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(periosteal deposition) of their bones, with a 
thinning of the cortical walls (endosteal resorp-
tion) [ 15 ]. Other study [ 16 ,  17 ], performed in 
trabecular bones in proximal tibias of 23-month-
old and 5-month-old rats, found that mineral 
density, bone volume fraction, and trabecular 
number were signifi cantly reduced in the aged 
rats compared with the younger rats. In addition, 
serum markers of bone formation were also 
reduced in the older rats [ 17 ,  18 ]. Interestingly, 
a model of “healthy-aging” rats known as LOU 
rats show the typical features of age-related 
osteoporosis – including high levels of bone 
marrow fat – despite their longer life span and 
low prevalence of diabetes and cancer [ 19 ]. 

 Overall, the “normally aged” animal model 
of osteoporosis has the advantage of closely 
mimicking the age-related changes in bone. 
However, disadvantages include the high cost of 

maintaining a normally aging colony, the vari-
ability between different strains in terms of peak 
of bone mass and levels of bone turnover, and 
the fact that steroid hormones could play an 
important role in the levels of bone turnover 
during the post- menopausal months, which also 
vary from strain to strain.  

    Genetic Manipulation 
and Accelerated Aging 

 Development of genetic approaches to mimic 
osteoporosis is becoming a common practice 
worldwide. Genetic manipulation has been 
instrumental to our rapidly expanding knowledge 
of the molecular and cellular mechanisms under-
lying both normal and pathological bone biology. 
This methodology, which is more easily applied 

4 m

Male

Female

20 m 30 m

0.250 35

30

25

20

15

10

5

0

0.200

0.150

0.100

0.050

0
4

Age (months)

B
V

T
V

 (
%

)

Age (months)

B
M

D
 (

g/
cm

2 )

20 27 4 20 27

Male
Female

Male

Female

a,c

a a

d

a a

b,c

a b c

d

g h

e f

  Fig. 6.2    MicroCT analysis ( a – f ) to evaluate bone struc-
ture and sections of undecalcifi ed bone stained with von 
Kossa ( a – f ,  right panels ) (magnifi cation × 10) to evaluate 
mineralized tissue ( black ) and fat volume ( white ). The fi g-
ure shows three-dimensional images of the trabecular 
bone and coss-sectional images of the cortical bone from 
rats aged 4, 20 and 30 months ( a – f ). The loss in bone vol-
ume, the reduction in both trabecular bone and cortical 

thickness and the increasing cortical porosity with age are 
visually apparent. Age-related changes in bone mineral 
density ( BMD ) ( g ) and bone volume/trabecular volume 
( BV/TV ) ( h ) showed a signifi cant decline in both groups 
matching similar levels of bone mass and bone quality at 
30 months of age.   a  p < 0.01,   b  p < 0.001 compared with 4 
months, one-way ANOVA and Dunnett’s test;   c  p < 0.01, 
  d  p < 0.001 males vs. females (From Duque et al. [ 19 ])       

 

6 Animal Models for Aging Bone



120

to mice, includes the targeted manipulation and 
ablation  in vivo  of one or several genes. 

 Some of the genetically modifi ed mice 
recently developed by knockout or transgenic 
techniques show premature aging phenotypes. 
The clearest conclusion to be drawn from these 
models is that single gene mutations cause mul-
tiple aging phenotypes. This advantage is useful 
in defi ning the mechanisms regulating bone 
metabolism. 

 Amongst those mouse models, the senescence 
accelerated mice (SAM) have been established 
by Takeda et al., and accepted as suitable models 
for aging [ 20 ]. The SAM lines, derived from a 
mouse strain AKR/J, are divided into two classes; 
SAM-P lines exhibit an accelerated aging pheno-
type 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 dem-
onstrated to be a correlative model for age-
related osteoporosis in humans [ 21 – 24 ], and its 
bone phenotype has been well described. For 
example, Jilka et al. [ 21 ] demonstrated that the 
osteopenic phenotype in SAM-P6 is caused by 
reduced osteoblastogenesis and that their bone 
metabolism is resistant to gonadectomy. 
Furthermore, increased adipogenesis and myelo-
poiesis are observed in the bone marrow of these 
mice [ 23 ]. In addition, the long bones in SAM-
P6 are longer but more fragile than controls [ 22 ]. 
This line is among the best studied as a model for 
age-related osteoporosis not only in terms of 
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  Fig. 6.3    Predicted pathways connecting the gene prod-
ucts responsible for the premature aging mutant pheno-
type. 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 

phenotypic abnormalities. Genomic disorganization acti-
vates cell cycle-regulating pathways involving checkpoint 
kinases and p53. Oxidative stress is among the triggers 
that elicit genomic instability via DNA damage. Elevation 
and excess of ROS affect downstream signaling, including 
PKCδ which subsequently stimulates the anti-ROS path-
way, including transcriptional activation of Prdx1 (From 
Watanabe and Hishiya, Ref. [ 118 ]. With permission from 
Elsevier)       
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skeletal morphology and pathology, but also in 
terms of its application for therapeutic-targeting 
experiments, such as drug testing and bone mar-
row transplantation [ 25 – 27 ]. 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 due to their compli-
cated 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 quantifi ed 
by QTL analyzes. For example, whereas C57BL/6 
mice have a 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 [ 28 ,  29 ]. These studies indicate 
that usage of wild-type inbred strains of mice, as 
well as rats, need to be well- characterized and 
given strong consideration in studies of bone 
metabolism and pathophysiology. 

 Other mouse models mimicking the human 
progeroid syndromes have been reported [ 30 – 35 ]. 
These genetically modifi ed mice develop multiple 
aging phenotypes and exhibit a shortened life 
span (Table  6.1 ). 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 telo-
mere maintenance [ 36 ]. Unexpectedly, knockout 
mice for the Wrn gene are essentially normal and 
exhibit no characteristics of premature aging [ 37 ]. 
Mice have long  telomeres and relatively high 
telomerase activity, suggesting that the aging phe-
notype is latent in these mice and results from 
residual activity surrounding telomere mainte-
nance. Evidently, double knockout mice for Wrn 
and Terc, which encodes the RNA component of 
telomerase activity, show a Werner-like pheno-
type with osteoporosis [ 38 ,  39 ]. RecQ like-4 
(Recql4) is a gene mutated in a subset of 
Rothmund-Thomson syndrome, recognized as a 
premature aging syndrome [ 40 ,  41 ]. Although 
Reql4 null mice are embryonic lethal, targeted 
deletion of exon 13 results in a form of aging phe-
notype that includes osteopenia [ 42 ]. Yang et al. 
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  Fig. 6.4    Schematic presentation of 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 involving p53 (Fig.  6.3 ) upregulates 
the genes responsible for cell cycle arrest and/or apopto-

sis, lowering the regenerative potential necessary for 
homeostasis and tissue repair. While 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 
(From Watanabe and Hishiya, Ref. [ 118 ]. With permis-
sion from Elsevier)       
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showed that osteoprogenitors are signifi cantly 
decreased in heterozygous Recql4 (±) mice com-
pared to wild-type controls [ 43 ]. In addition, 
mutated Recql4 has also been reported in Baller-
Gerold syndrome, a rare autosomal recessive dis-
order with radial aplasia/hypoplasia and 
craniosynostosis [ 44 ].

   Recently, a gene encoding lamin A has been 
identifi ed to be responsible for human progeria, 
Hutchinson-Gilford syndrome [ 45 ,  46 ]. Mice 
carrying an autosomal recessive point mutation 

in the lamin A gene, corresponding to that iden-
tifi ed in humans, also develop a progeria-like 
phenotype with osteoporotic symptoms [ 47 ]. 
Interestingly, expression of lamin A/C in osteo-
blasts and chondrocytes of C57BL/6 mice is 
decreased in an age-related manner [ 48 ]. In 
addition, recent studies have reported that lamin 
A-defi cient mice are osteoporotic [ 49 ,  50 ], 
show a low anabolic response to exercise [ 51 ], 
and have high levels of fat infi ltration in muscle 
and bone [ 52 ]. 

   Table 6.1    Genetically modifi ed mice with premature aging phenotype and/or short life span   

 Gene  Function  Modifi cation  Bone phenotype 
 Characterization 
of bone 

 Related human 
case 

 Atm  Cell cycle checkpoint  K0  Osteopenia  MicroCT, 
histological 
analysis,  ex vivo  
cell culture 

 Ataxia 
telangiectasia 

 BubR1  Spindle assembly 
checkpoint 

 Hypomorph  Normal 
(kyphosis) 

 DXA 

 DNA-PKcs  DNA repair  K0  Osteopenia  X-ray analysis 

 Klotho  Hormone /growth 
factor stimulating, 
mineral metabolism 

 K0  Osteopenia  SXA, microCT, 
histological 
analysis,  ex vivo  
cell culture 

 Ku86  DNA repair, 
transcription 

 K0  (Not indicated) 

 Lmna  Nuclear architecture  Knock-in  Osteopenia  DXA  Hutchinson- 
Gilford 
progeria 
syndrome 

 mTR  Telomere maintenance  K0  Normal  a    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 

 K0  Osteopenia  X-ray analysis, 
histological 
analysis 

 Rothmund- 
Thomson 
syndrome 

 Sirt6  DNA repair  K0  Osteopenia  X-ray analysis, 
DXA 

 TRp53  Cell cycle checkpoint  Deletion mutant  Osteopenia  X-ray analysis, 
histological 
analysis 

 Mutant Tg  Ostopenia  X-ray analysis 

 Short isoform 
Tg 

 Osteopenia  X-ray analysis, 
histological 
analysis 

 XPD  DNA replication and 
repair 

 Knock-in  Osteoporosis  X-ray analysis, 
DXA 

 Xeroderma 
pigmentosum 

 Wrn/Terc  Telomere maintenance  Double K0  Osteopenia  MicroCT  Werner 
syndrome 

   a The phenotype was observed in the 6th generation from mTR knockout mouse mattings  
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 Furthermore, mice presenting with multiple 
aging phenotypes 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 prema-
ture aging phenotype including osteopenia [ 53 ]. 
The aging phenotype has also been observed in 
mice lacking proliferation-associated SNF2- like 
gene (PASG), an SNF-like molecule that func-
tions in DNA methylation [ 54 ]. Mutant mice 
show decreased BMD and a delay in the second-
ary ossifi cation of the tibial epiphyses [ 54 ]. In 
addition to mutations in genes involved in 
genomic stability and nuclear organization, mice 
carrying mitochondrial DNA polymerase muta-
tions that exclude a region responsible for its 
proofreading activity, also present the osteopo-
rotic phenotype together with other premature 
aging symptoms [ 55 ]. A sir2/SIRT family of 
NAD-dependent histone deacetylases regulates 
life span. Knockout mice for Sirt6 exhibit 
genomic instability and an aging-like phenotype 
with osteopenia [ 56 ]; in particular decreased bone 
mass, now considered a hallmark of premature 
aging phenotypes. However, most observations of 
the skeletal phenotype were examined by X-ray 
analysis. The pathophysiology, including histol-
ogy, of the bone phenotype in these models for 
premature aging, has not yet been fully described. 

 Errors in cell duplication, such as those miss 
programmed by the above-mentioned mutations 
can be detected and corrected by arresting the 
cell cycle. A system of cell cycle checkpoints has 
been shown to play a critical mechanistic role 
[ 57 ,  58 ]. 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 [ 59 ]. The gene 
encoding the protein kinase has been identifi ed as 
a gene mutated in ataxia telangiectasia, recog-
nized as one of the human premature aging syn-
dromes [ 60 ]. Knockout mice for ATM exhibit a 
similar phenotype to the human disease, includ-
ing hyper-radiosensitivity and ataxic defects [ 61 –
 63 ]. It has been shown that the self- renewal 
capacity of hematopoietic stem cells in Atm 
knockout mice is signifi cantly impaired with ele-
vated reactive oxygen species (ROS), and that 
treatment with anti-oxidative agents rescues the 

bone marrow failure [ 64 ]. An osteopenic pheno-
type 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 [ 65 ]. 

 Gain-of-function mutations in p53, a down-
stream effector of ATM kinase, also exhibit pre-
mature aging with an osteoporotic phenotype [ 66 , 
 67 ]. Among them, p44 transgenic mice show a 
low progenitor turnover with signifi cant decreases 
in osteoblast number and a slight reduction of 
osteoclasts [ 67 ]. Although further characteriza-
tion of these models is required, these data sug-
gest that the stem cell defect due to cell cycle 
arrest upon DNA damage or other cell cycle 
abnormalities, at least in part, may account for the 
decreased bone formation and subsequent osteo-
penia 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 [ 68 ]. Wang et al. [ 69 ] showed that 
mice lacking p53 exhibit increased bone mass 
due to accelerated osteoblast differentiation 
caused by elevated Osterix levels. Lengner et al. 
[ 68 ] 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 regu-
lates 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 [ 70 ]. 
Thus, not only stem cell defects but also cell 
autonomous differentiation defects of osteoblasts 
are 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 a decline in osteoblast function 
[ 71 ]. Reduced bone formation is one of the  features 
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observed in models for age-related osteoporosis. 
Some genes that play critical roles in bone forma-
tion have been described using genetically modi-
fi ed mice [ 72 – 75 ]. Several typical models are 
listed in Table  6.2 . Sca1/Ly6A is a GPI- anchored 
membrane protein expressed in hematopoietic 
stem cells and a subset of bone marrow stromal 
cells [ 76 ,  77 ]. Whereas Sca1 knockout mice have 
normal bone development, the aged animals 
(15 months of age) show a signifi cant bone loss 
[ 78 ]. 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 
hematopoietic lineages have also been reported in 
Sca1 knockout mice [ 79 ]. Although multiple aging 
phenotypes in Sca1 knockout mice have been 
reported, this is a good model for age-related 
osteoporosis in humans, supporting the stem cell 
hypothesis in the pathogenesis of age-related 
osteoporosis [ 80 ].

   In addition, IRS1 is a major substrate of insu-
lin receptor (IR) and IGF-1 receptor (IGF1R) that 
transduces signals by interacting with signaling 
molecules in a phosphorylation-dependent man-
ner, which is expressed in osteoblasts but not in 
osteoclasts. IRS1 knockout mice exhibit low 
bone mass compared to wild-type controls, and 
cultured osteoblasts from the knockout mice are 
impaired in IGF-induced proliferation and differ-
entiation, whereas BMP-induction is not altered 
[ 73 ]. Reduced osteoclast formation is then the 
result of defective osteoblasts, resulting in low 
turnover osteopenia [ 81 ]. 

 Wnt signaling regulates bone mass through 
the osteoblastic lineage. It has been revealed that 

an autosomal recessive disorder, osteoporosis- 
pseudoglioma syndrome (OPPG), is caused by 
mutations in the gene encoding LRP5, a cell sur-
face co-receptor for Wnt [ 82 ]. It has also been 
independently shown that Val171 mutation of 
LRP5 causes high bone density in humans [ 83 ]. 
These correlative fi ndings indicate a role for the 
Wnt pathway in bone development and remodel-
ing. 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 [ 84 ]. A signifi cant decrease 
in the number of bone marrow stromal progenitor 
cell (CFU-F) colonies was observed in the knock-
out mice. Inhibition of GSK3, a negative regula-
tor of Wnt/β-catenin signaling stimulates 
osteoblastic differentiation of the progenitors 
[ 85 ,  86 ]. The ligands, such as Wnt10b, specifi -
cally activate the canonical pathway, and consti-
tutively activate β-catenin-stimulated osteoblast 
differentiation [ 87 ]. These fi ndings support the 
idea that the canonical pathway via β-catenin sig-
naling 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 [ 88 ], suggesting that the path-
way is also important in lineage commitment 
between osteoblastic and adipogenic fates. This 
observation may be associated 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 dif-
ferentiation. Mice lacking a transcriptional cofac-
tor,  four and a half LIM domains 2 (Fhl2) , also 

   Table 6.2    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 (Seal)  Osteopenia  n.d.  ⇓  ⇓  ⇔ 

 lrs1  Osteopenia  ⇓  ⇓  ⇓  – 

 lrp5  Osteopenia  ⇓  ⇓  ⇔  ⇔ 

 Fhl2  Osteopenia  n.d.  ⇔  ⇔  ⇓ 

 Abl1 (Abl)  Osteopenia  ⇓  ⇓  ⇔  ⇓ 

 Lmna  Osteopenia  ⇓  ⇓  ⇓  ⇓ 

   n.d.  not described  
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present with a signifi cant decrease in bone mass 
[ 89 ]. Although numbers of osteoblasts and osteo-
clasts were comparable to littermate controls, 
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 [ 90 ]. 

 Furthermore, c-Abl, a downstream protein 
kinase of ATM, functions in DNA repair and oxi-
dative stress response [ 91 ]. Mice defi cient for the 
Abl gene also develop osteopenia with reduced 
bone formation [ 92 ].  Ex vivo  assays of osteoclasto-
genesis 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 pro-
genitors in bone marrow is signifi cantly decreased, 
the differentiation of osteoblasts from Abl knock-
out mice is also impaired [ 92 ]. Using osteoblast 
culture, distinct roles in the oxidative stress 
response between c-Abl and ATM, have been pro-
posed [ 93 ]. Although decreased expression of per-
oxiredoxin 1 (Prdx1) due to down- regulation of 
PKCδ was observed upon arsenate-induced oxida-
tive stress in osteoblasts from Atm knockout mice, 
expression of the redox protein, through the upreg-
ulation of PKCδ, was increased in the cells derived 
from Abl knockouts. The opposite roles in the oxi-
dative stress response may cause similar bone phe-
notypes in the knockout 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 [ 94 ,  95 ]. 
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 phenotype in bone from these 
mice. Oxidative stress, such as that caused by ROS, 
often causes damages in DNA, suggesting that the 
genomic stability and oxidative stress response 
may share some common pathways in the aging 
phenotype. As mentioned with Atm mice, an 

 antioxidant also partially rescues the perinatal 
lethality observed in Ku86 knockout mice [ 96 ]. In 
addition to DNA damage, ROS is important in sig-
nal transduction and pathogenesis of diseases as 
well. For example, anti- oxidative agents reverse 
insulin resistance in diabetic models [ 97 ,  98 ]. 
Although it remains unclear whether ROS targets 
are part of the mechanistic pathways affected by 
aging, management of ROS may be signifi cantly 
implicated in osteoblast 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 [ 99 ]. In 
Klotho mice (kl/kl), both bone formation and 
resorption are reduced, indicating a low  turnover 
of bone metabolism resembling human osteopo-
rosis [ 100 ]. Although neither osteoblasts nor 
osteoclasts express the kl gene,  ex vivo  cultures of 
osteoblastogenesis and osteoclastogenesis show 
reduced differentiation independently in both lin-
eages. In contrast to the canonical progeroid mod-
els, this is a unique model for age- related 
osteoporosis in humans. Indeed, the molecular 
functions of KL protein have been reported. The 
protein, which is structurally similar to 
β-glucosidase, possesses β-glucuronidase activity 
[ 101 ]. KL protein acts as a co-receptor for IGF 
and is also required for FGF23 signaling through 
FGFR1 [ 102 – 107 ]. 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 hor-
mone, a candidate for phosphatonin [ 104 ]. FGF23 
knockout mice also exhibit a premature aging-like 
phenotype [ 105 ]. Interestingly, the mice have ele-
vated serum levels of vitamin D and hyperphos-
phatemia, and a part of the aging phenotype was 
rescued by lowering the vitamin D levels [ 105 –
 107 ]. It is therefore suggested that control of the 
phosphate- regulating system by FGF23-KL is 
associated with the aging phenotype including 
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osteoporosis. Notably, PHEX (phosphate-regulat-
ing gene with homology to endopeptidases on the 
X chromosome) is highly expressed in osteocytes 
[ 108 – 111 ], and declines with age as well as with 
post-OVX and mechanical unloading [ 112 – 114 ]. 
Conceivably, osteocytes may be implicated in 
phosphate metabolism and age-related osteoporo-
sis. In fact, FGF signaling coordinately regulates 
mineralization- related genes in the osteoblast lin-
eage, and that ERK signaling is essential for 
Dmp1 expression and osteocyte differentiation 
in vivo [ 115 ].  

    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 [ 116 ]. The 
clock components inhibit osteoblast prolifera-
tion triggered by CREB activation responding 
to signals from sympathetic neurons. In con-
trast, it has also been reported that BMAL1 
knockout mice have impaired circadian rhythms 
and display a premature aging phenotype 
including decreased bone mass [ 117 ]. Although 
these apparently opposite observations might 
be due to age differences (increased bone mass 
at 2 months; decreased at 40 weeks of age, 
compared to wild- type controls), bone pheno-
type is largely affected by many factors includ-
ing 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 func-
tional alterations are seen not only in bone but 
also in other tissues and organs as well. Age-
related osteoporosis has been recognized as due 
to a combination of age-related changes in bone 
caused by bone cell dysfunction, age-related 
decline in mineral metabolism or hormonal 
regulation, and neuronal and/or gonadal dys-
regulation. Nevertheless, these models inform 
us of the molecular mechanisms involved in 
bone biology, especially the molecular and cel-
lular basis of bone pathophysiology, and 
include the possibility that cell autonomous 
bone defects may be implicated, at least in part, 

in the pathogenesis of age-related osteoporosis. 
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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      Osteoporosis as a Geriatric 
Syndrome                     

     Cathleen     S.     Colón-Emeric     

         Introduction 

 An osteoporotic fracture in an older adult can be 
a devastating event that sets off a cascade of con-
sequences resulting in functional decline, 
impaired quality of life, and sometimes death. 
Identifying interventions to prevent osteoporotic 
fractures or disrupt the negative cascade that fol-
lows them has therefore been a priority for clini-
cians, researchers, patients and families. Many of 
the advances in the fi eld over the last decade have 
resulted from viewing osteoporosis as a disease 
state characterized by abnormal bone mass, 
architecture, and strength; understanding the 
pathogenesis of this disease has led to new targets 
for pharmacologic therapy that improve bone 
properties and reduce fracture rates. 

 However, it is increasingly evident that multi-
ple factors outside of bone contribute to the 
development and consequences of osteoporotic 
fractures. Moreover, even when the broken bone 
heals promptly patients may still experience the 
downward spiral of functional decline and dis-
ability. The traditional disease model of osteopo-
rosis has diffi culty explaining how these 

interacting pathogenetic pathways in different 
organ systems result in fractures and their nega-
tive sequelae. A model which considers the mul-
tifactorial, complex, and interacting nature of 
these pathways may lead to new understandings 
and interventions to improve outcomes. 

 In this chapter, we make the case for concep-
tualizing osteoporotic fracture as a geriatric syn-
drome. We defi ne geriatric syndromes, and 
compare them to disease models and traditional 
medical syndrome models. We describe how 
conceptualizing osteoporotic fractures as a geri-
atric syndrome has implications for screening, 
treatment, research, and policy.  

    What is a Geriatric Syndrome? 

 A geriatric syndrome has been defi ned as symp-
toms that arise not solely from a discreet disease, 
but also from accumulated impairments in mul-
tiple systems. Geriatric syndromes develop when 
the accumulated effects of impairments in multi-
ple domains compromise compensatory ability, 
resulting in a united manifestation [ 1 ]. Figure  7.1  
compares models of disease states, traditional 
medical syndromes, and geriatric syndromes [ 2 ]. 
In a disease model, a known etiology (e.g., infl u-
enza virus) leads to a defi ned pathogenetic path-
way (innate and adaptive immune responses) 
which result in a known, but variable set of symp-
toms (fever, myalgias, anorexia). More often, 
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conditions of older adults fall into the traditional 
medical syndrome model in which a known or 
unknown etiology triggers a pathogenetic path-
way resulting in a defi ned set of symptoms. For 
example, an unknown etiology causes destruc-
tion of dopaminergic neurons in the substantia 
nigra resulting in the resting tremor, shuffl ing 
gait, masked facies, and rigidity of Parkinson’s 
Disease. In contrast, geriatric syndromes such as 
delirium have multiple and variable etiologic 
 factors (electrolyte imbalance, medications, sen-
sory impairment, pain, hypoxia, infection) pro-
ducing interacting pathogenetic pathways 
(changes in infl ammatory markers, hormones, 
neurotransmitters) resulting in a common mani-
festation (confusion, inattention, altered level of 
consciousness).

   Why has it been useful to conceptualize con-
ditions such as delirium, falls, and pressure ulcers 
as geriatric syndromes rather than diseases or tra-
ditional medical syndromes? First, identifying 
individuals at risk for the syndrome requires an 
assessment for multiple etiologic factors and an 

understanding of how risk factors interact with 
each other. Second, prevention and treatment 
strategies for these conditions have been most 
effective when they address multiple risk factors 
or pathways, rather than a single target. Third, 
research to understand the interaction between 
pathogenetic pathways in multiple organ systems 
has led to new understandings and potential treat-
ment targets, including pleiotropic agents that 
have an effect on more than one pathway and 
syndrome. Finally, clearly defi ning geriatric syn-
dromes to stakeholders has led to practice and 
policy reforms which have made comprehensive 
models of care available to more patients, such as 
in the case of fall prevention [ 3 ].  

    The Case for Osteoporotic Fractures 
as a Geriatric Syndrome 

 One criterion for a geriatric syndrome is that it 
must have the greatest prevalence and impact in 
older adults. Certainly this is true of osteoporotic 
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fractures. As discussed in more detail elsewhere 
in the book, the rates of osteoporotic fractures 
increase exponentially with age; for example the 
incidence of hip fracture in U.S. women rises 
from 1/1000 per year at age 60–64 years, to 
26/1000 per year at age 85–89 years [ 4 ]. Geriatric 
syndromes typically have a major impact on 
functional status and quality of life; osteoporotic 
fractures are the 5th greatest cause of disability 
adjusted life years in the Americas and Europe, 
and hip fractures are estimated to cause an excess 
740,000 deaths annually. After a fracture of any 
type, 7 % of patients experience permanent dis-
ability and 8 % require long-term care, with rates 
substantially higher for hip and vertebral frac-
tures [ 5 ]. Geriatric syndromes impose a large 
burden on the healthcare system; the worldwide 
cost of hip fractures is estimated to exceed 35 bil-
lion U.S. dollars annually [ 5 ]. 

 But beyond their high prevalence and burden 
in older adults, geriatric syndromes are character-
ized by having multiple etiologic factors in mul-
tiple organ systems that interact and contribute to 
the presenting symptoms and resultant disability 
[ 1 ,  2 ,  6 ]. In osteoporosis research, changes in 
bone density, microarchitecture, macro architec-
ture, and mineralization have been the primary 
focus of attention; the etiology of these changes 
is clearly multifactorial with risk factors includ-
ing hormone changes, infl ammation, medica-
tions, mechanical loading, and genetics [ 7 ,  8 ]. 
Outside of bone tissue, muscle-bone interactions 
have been recognized as an important mediator 
of bone material quality and architecture [ 9 ], in 
part through mechanical loading (the “mechano-
stat”) and in part through secretion of osteogenic 
myokines such as IGF-1 and FGF-2. Adipose tis-
sue exerts an important infl uence on bone in the 
microenvironment, where osteogenic and adipo-
genic lineages compete during bone marrow stem 
cell differentiation, as well as at the whole-body 
level as evidenced by the increased risk for frac-
ture in patients with diabetes, perhaps mediated 
by leptin and adiponectin [ 10 ]. A link between 
bone and the cardiovascular system is slowly 
being untangled; it has long been known that 
patients with low bone density have a higher than 
expected prevalence of cardiovascular disease 

after controlling for multiple confounders [ 11 ], 
and conversely patients with heart failure have a 
higher than expected rate of osteopenia and frac-
tures [ 12 ]. While the mechanisms for the associa-
tion are not fully understood, evidence suggests 
that parathyroid hormone [ 13 ], rank ligand inhib-
itor [ 14 ], and circulating calcifying cells [ 15 ] 
may link the cardiovascular and skeletal systems. 
Thus, at least three other organ systems interact 
directly or indirectly with bone strength. 

 But osteoporosis is not symptomatic until a 
fracture develops, and 90 % of fractures occur 
after a fall [ 16 ]. Falls are themselves a proto-
typical geriatric syndrome, with multiple risk 
factors including sarcopenia, cognitive impair-
ment, medications, orthostatic hypotension, 
vestibular dysfunction, sensory impairment, 
gait disorders, and vitamin D defi ciency [ 17 ]. 
Osteoporotic fractures commonly result in high 
levels of circulating cytokines and other infl am-
matory markers [ 18 ], which have been impli-
cated in the high rates of myocardial infarction 
[ 19 ], thromboembolism [ 19 ], delirium [ 20 ], and 
muscle atrophy [ 21 ] which follow. A character-
istic of a geriatric syndrome is that it shares 
common risk factors with other geriatric syn-
dromes (Fig.  7.2 ) [ 2 ,  22 ], and that patients with 
one geriatric syndrome are at higher risk for 
others. Note that an osteoporotic fracture, espe-
cially a hip or vertebral fracture, is associated 
with higher risk of falls, delirium, depression 
[ 23 ], pressure ulcers [ 24 ], and weight loss [ 25 ]. 
Shared risk factors for osteoporosis and other 
geriatric syndromes, even after accounting for 
the mediating risk of falls, include mood disor-
ders, poor physical performance, malnutrition, 
and cognitive impairment.

   In summary, osteoporotic fractures have many 
features that are more consistent with a geriatric 
syndrome than a traditional medical syndrome or 
disease. The development of impaired bone 
strength and fractures is multifactorial, involves 
interacting pathways in multiple organ systems, 
and overlaps with the other common geriatric 
syndromes. In the sections that follow, we dis-
cuss the implications of conceptualizing osteopo-
rotic fractures as a geriatric syndrome on 
screening, treatment, research and policy.  
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    Implications for Screening 

 Because the etiology of geriatric syndromes is by 
defi nition multifactorial, identifi cation of persons 
at highest risk requires consideration of multiple 
risk factors. It has long been recognized that 
BMD explains only part of the fracture risk, and 
that most fractures occur in patients with 
“osteopenic” levels of BMD rather than those 
with T scores ≤ −2.5 [ 26 ]. Multifactorial risk 
assessment tools such as FRAX [ 27 ], QFracture 
[ 28 ] and the Garvan nomogram [ 29 ] have been 
developed in an attempt to incorporate other risk 
factors into screening and treatment decisions. 
However, which risk factors should be consid-
ered is a matter of some controversy, and indeed, 
which risk factors are most important likely var-
ies with advancing age. For example, because 
age is such a powerful predictor of fractures in 
tools such as FRAX, a large proportion of women 
over age 80 years meet current treatment thresh-
olds [ 30 ] even without other risk factors. A study 
of long-term care residents suggested that FRAX 
with BMD selected over 80 % of the population 
for treatment and FRAX without BMD (incorpo-
rating BMI) selects 98 % [ 31 ]. On the other hand, 
FRAX does not incorporate fall history, 
Parkinson’s Disease, stroke, chronic kidney dis-
ease, or other important risk factors for osteopo-

rotic fracture in the very elderly. Thus, while 
multifactorial fracture risk assessment tools are 
useful in younger populations (who contributed 
most of the data in the predictive models), they 
have limitations in the oldest patients who are at 
highest risk. Clinicians need to consider the 
patient’s functional status, fall risk, other co- 
morbidities, and goals and preferences in making 
treatment decisions. Refi ning tools to provide 
more rational risk stratifi cation in patients over 
80 years is a research priority. 

 Because of the overlap among geriatric syn-
dromes, an optimal screening program should 
identify not just risk factors related to bone qual-
ity, but also consider related geriatric syndromes. 
Certainly a fall history is important for risk strati-
fi cation, and identifi cation of a patient at risk 
should prompt appropriate fall evaluation and 
interventions to reduce risk of additional falls and 
fractures [ 16 ]. Urinary incontinence has been 
associated with a higher risk of osteoporotic frac-
tures in women [ 32 ], especially urge inconti-
nence [ 33 ] which may lead to hurried trips to the 
bathroom. Late life depression is associated with 
more falls in older adults [ 34 ], and the commonly 
used selective serotonin reuptake inhibitors are 
associated with higher risk of fractures [ 35 ]. 
Conversely, a high rate of major depression is 
observed following a hip or vertebral fracture 
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[ 36 ], which may contribute in part to the high risk 
of subsequent fractures [ 37 ]. Frailty, character-
ized by muscle weakness, slow gait speed, 
exhaustion, and declines in physical performance 
and function, has been described as a unifying 
pathway for the interaction among geriatric syn-
dromes (Fig.  7.2 ) [ 2 ]. High rates of frailty have 
been described in patients with osteoporosis [ 38 ], 
and in the Women’s Health and Aging Study, sar-
copenia and severe osteopenia/osteoporosis were 
synergistically associated with presence of frailty 
[ 39 ]. Following a hip fracture, high rates of delir-
ium are observed; such patients are at higher risk 
of poor functional recovery [ 20 ], subsequent 
dementia [ 40 ], and likely more falls and frac-
tures. Thus, identifi cation of patients at high risk 
for osteoporosis or with recent osteoporotic frac-
ture should prompt screening for related geriatric 
syndromes as well.  

    Implications for Prevention 
and Treatment 

 Conceptualizing osteoporotic fracture as a geri-
atric syndrome strongly implies a need for a 
multi- modal approach to prevention and treat-
ment, since “optimal clinical care cannot be 
based entirely on a biological framework” [ 2 ] 
but must address multiple etiology and pathoge-
netic pathways. Clinicians are accustomed to 
considering multiple pathways to improve bone 
strength, including providing calcium and vita-
min D supplements, identifying and treating sec-
ondary causes of osteoporosis, minimizing 
corticosteroids or antiepileptic medications, pre-
scribing osteoporosis pharmacotherapies, and 
counseling about smoking, alcohol use, and 
physical activity. 

 Increasingly, clinical practice guidelines also 
recommend interventions to reduce fall risk [ 41 ]. 
Because falls are themselves multifactorial, this 
may be best accomplished in a dedicated fall 
clinic or prevention program, which are described 
in greater detail elsewhere in this book. Weight 
bearing exercise has been widely studied as a 
means to improve both muscle strength and bone 
density [ 42 ] although studies are heterogeneous 

and compliance rates generally low [ 43 ]. 
Advocacy efforts around fall prevention have led 
to more widespread availability of balance and 
exercise classes such as Tai Chi or Otago for 
older adults in the U.S., and such classes are gen-
erally covered by Medicare through the Silver 
Sneakers program [ 44 ]. As noted above, address-
ing other related geriatric syndromes identifi ed 
during screening such as incontinence and 
depression may have both direct and indirect 
effects on bone strength and fall risk; comprehen-
sive geriatric assessment programs may be help-
ful in managing these overlapping geriatric 
syndromes. 

 A multi-factorial approach is also required to 
prevent post-fracture complications and their 
resulting spiral of decline. Multi-component pre-
vention strategies have been shown to reduce the 
incidence of post-fracture delirium by one third, 
and are likely cost effective [ 45 ]. Nutritional sup-
plements have not been found to improve mortal-
ity or disability, but show a trend toward reduction 
in a composite outcome of mortality or medical 
complications after hip fracture and deserve 
additional study [ 46 ]. Extended physical therapy 
to improve muscle strength, improve physical 
function, and reduce falls has been demonstrated 
to be effective after an osteoporotic fracture [ 47 , 
 48 ], but frequently is not covered by payers. 

 Treatment decisions are also infl uenced by the 
fact that osteoporotic fractures have the greatest 
impact in older adults who commonly have other 
geriatric syndromes, multiple medical co- 
morbidities, frailty, and limited life expectancy. 
The decision to prescribe a bone active medica-
tion may be relatively straightforward in an oth-
erwise healthy postmenopausal woman, but 
becomes much more challenging in a frail older 
adult who already takes an average of eight medi-
cations [ 49 ] and has an average of fi ve chronic 
conditions [ 50 ]. For example, a hypothetical 
patient with co-morbid osteoporosis, osteoarthri-
tis, diabetes, hypertension and COPD who is 
treated according to clinical practice guidelines 
would be taking 19 doses of 12 unique medica-
tions a day, requiring fi ve different administra-
tion times, at a cost of more than $400 per month 
[ 51 ]. Moreover, frail older patients may have 
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 limited life expectancy which impacts the effec-
tiveness of osteoporosis medications; in fact for 
patients with incident hip, vertebral or forearm 
fracture, the 5-year mortality risk exceeds the 
5-year fracture risk by about 40 % [ 52 ]. 

 Nevertheless, it is clear across multiple health-
care settings and countries that older adults are 
substantially under-treated for osteoporosis, par-
ticularly after a fracture, and this under treatment 
is worsening over time [ 53 ]. Despite the compet-
ing mortality risk, the numbers of patients needed 
to treat to prevent one additional fracture after an 
osteoporotic fracture are still low (8–46 patients 
treated) [ 52 ], and treatment is cost savings or 
highly cost effective even for women at age 90 
years in the lowest quartile of life expectancy 
[ 54 ]. Withholding osteoporosis treatment is 
therefore not justifi ed based solely on advanced 
age or multi-morbidity, but clinicians do need to 
be mindful about their patients’ other medical 
conditions and goals of care. Strategies to mini-
mize the burden of osteoporosis treatment, such 
as using monthly or yearly dosing schedules, are 
helpful. Focusing on treatments that infl uence 
more than one condition of importance to patients 
makes the most sense in this population; for 
example, providing exercise interventions that 
favorably impact bone quality, falls, mood, and 
sarcopenia.  

    Implications for Research 
and Policy 

 Research in geriatric syndromes can be particu-
larly challenging. As Inouye and colleagues 
describe, “a decision to focus all efforts on a sin-
gle risk factor may lack geriatric relevance, 
because it addresses only a small portion of the 
overall risk and fails to consider other risk fac-
tors. By contrast, any research attempt to address 
all relevant risk factors runs the risk of being 
unfocused.” [ 2 ] It cannot be denied that the tradi-
tional disease-focused translational research 
model has resulted in a growing range of  effective 
pharmacotherapies targeting multiple pathways 
in bone. However,  conceptualizing osteoporotic 

fractures as a geriatric syndrome implies that 
additional gains can be made by modifying the 
research paradigm to consider the multiple, inter-
acting pathways involved. 

 First, it is imperative that frail older patients 
are included in osteoporosis research despite the 
complexity that they add to the study design, exe-
cution, and interpretation. This will provide bet-
ter evidence to support claims of safety and 
effi cacy in real world practice, and provide cru-
cial information about how treatments interact 
with co-morbidities that is currently lacking [ 55 ]. 
Second, examining interactive synergisms 
between risk factors, the pathways by which each 
risk factor contributes to osteoporotic fractures, 
and how they biologically interact may lead to 
new physiologic insights and identify new targets 
for intervention. For example, research examin-
ing how cardiovascular disease and osteoporosis 
interact, described briefl y above, has the potential 
to lead to important new information about both 
conditions. 

 Next, the overlap between multiple geriatric 
syndromes implies that there may be interven-
tions with pleiotropic effects on multiple out-
comes including osteoporotic fractures. Several 
such pleiotropic interventions have been exam-
ined, with variable success to date. As described 
above, exercise is an example of a successful 
pleiotropic intervention, while the data for pro-
tein supplements less robust. Pharmacologic 
agents with pleiotropic effects have also been 
examined and found to reduce fracture, but as 
typifi ed by the case of estrogen supplements, 
the balance of benefi ts and harms across multi-
ple organs and systems must be carefully 
weighed [ 56 ]. Testosterone supplementation in 
older men has a favorable impact on bone den-
sity and muscle mass [ 57 ] though long-term 
studies with more clinically relevant outcomes 
and safety data are needed before these can be 
recommended for this indication. Growth hor-
mone secretagogues have favorable impact on 
muscle mass, bone density and physical perfor-
mance [ 58 ], however clinical trials were 
stopped early due to insuffi cient impact on the 
primary outcome of lean body mass. Cox-2 
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anti-infl ammatory use is associated with higher 
BMD [ 59 ], but long-term cardiac and gastroin-
testinal safety have limited their clinical use. 
Myostatin inhibitors are currently in clinical 
trials to reduce muscle atrophy, improve physi-
cal performance, and reduce falls after hip frac-
ture [ 60 ]. While the idea of developing 
interventions with favorable impact on several 
systems is appealing, this fi eld is still evolving 
and will likely always require careful evalua-
tion of the balance of benefi ts and harms. 

 Beyond translational research, health services 
research is needed to develop, refi ne, and dis-
seminate models of care for preventing or treat-
ing osteoporotic fractures. Ortho-geriatric 
services [ 61 ], fall and fracture clinics [ 62 ], and 
fracture liaison services [ 63 ] are three examples 
of such models of care that have been found to be 
effective in at least some settings. Such models 
invariably use a multi-disciplinary and multi- 
factorial intervention approach concordant with 
treating osteoporotic fracture as a geriatric syn-
drome. A challenge in this research is that it is 
nearly impossible to identify which of the multi-
ple components of the intervention are most 
effective, and translating it to other settings 
requires modifi cations to the program which may 
impact its effi cacy. 

 Finally, conceptualizing osteoporosis as a 
geriatric syndrome has implications for clinical 
practice guideline development and healthcare 
policy. A framework for considering multi- 
morbidity during the development of clinical 
practice guidelines has been developed [ 64 ], but 
has not been widely incorporated into osteoporo-
sis clinical practice guidelines to date. Such 
guidelines might include explicit descriptions of 
the trade-offs of benefi ts and harms at different 
ages or with different co-morbidities. In addition, 
guidelines should include recommendations for 
evidence-based models of care which address the 
multifactorial nature of osteoporotic fracture, 
such as fracture liaison services or ortho-geriatric 
services. This type of guideline could provide the 
foundation for advocacy efforts to make such ser-
vices more widely available to patients through 
practice incentives and payment reform. 

   Conclusion 

 Osteoporotic fractures have a major impact on 
older adults, result from multiple interacting 
pathogenetic pathways, and overlap with other 
common geriatric syndromes such as falls, 
sarcopenia, delirium, incontinence, and 
depression. Thus, they are best viewed as a 
geriatric syndrome in their own right. Using 
this model to conceptualize osteoporotic frac-
tures may drive further research advances, 
help clinicians to consider multiple risk fac-
tors and treatment strategies, and lead policy 
makers to implement more comprehensive 
and appropriate models of care.      
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      Genetics of Osteoporosis 
in Older Age                     

     David     Karasik       and     Douglas     P.     Kiel     

      Generalized osteoporosis is the most common form 
of the disease, affecting the majority of the bones in 
a skeleton. Osteoporosis results from a failure to 
acquire optimal peak bone mass during growth and/
or failure to maintain bone homeostasis in later 
years. The prevalence and severity of osteoporosis 
is especially high in older persons (so called involu-
tional osteoporosis), in both men and women [ 1 ,  2 ]. 
Women additionally experience a rapid phase of 
bone loss after the menopause, as a result of estro-
gen withdrawal [ 3 ,  4 ]. With aging, the skeleton is 
susceptible to osteoporotic fractures, which seem to 
be dependent on genetic factors (heritable). The 
genetic contribution to involutional osteoporosis is 
substantial and its heritability has been extensively 
studied. With recent advances in the elucidation of 
the mechanisms involved in osteoporosis, there is 
recognition that there are genetic contributions to 
fractures and related bone traits, in particular in 
elderly persons, which may or may not be shared 

with genetic mechanisms of bone maintenance in 
younger individuals. 

 The susceptibility to fractures depends on many 
factors, including non-skeletal ones, such as pro-
pensity to fall, diminished soft tissue cushion etc. 
Nevertheless, the most reliable predictor of fracture 
is bone mineral density (BMD), also a trait highly 
susceptible to genetic alterations. The importance 
of bone mass to fracture risk is also evident in the 
WHO’s defi nition of osteoporosis (“low bone mass 
leading to structural fragility” [ 5 ]). Better under-
standing of the genetic contribution to BMD offers 
the opportunity to learn more about the biology of 
bone fragility. In order to identify and quantify the 
genetic contributions to a complex disease, such as 
osteoporosis, there is a need to identify and validate 
an “endophenotype”. Endophenotypes are defi ned 
as intermediate components of a phenotype of 
interest, in contrast to a fi nal (“visible”) exopheno-
type. This distinction is especially challenging in 
the case of osteoporosis, where the phenotype of 
interest is clinically occult until the “structural fra-
gility” ultimately manifests as a fracture [ 6 ]. 

 In many complex diseases, an “upstream” 
intermediate measurable phenotype between 
genotype and disease, is chosen as an endophe-
notype, and serves as a target for gene mapping. 
These are usually well-known risk factors with 
pathophysiological importance and biological 
meanings, which are measurable before the onset 
of disease [ 7 ]; by defi nition, endophenotypes are 
thus putatively closer to the effect of genes. In 
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osteoporosis, BMD is routinely investigated in 
clinical practice with dual-energy X-ray absorpti-
ometry (DXA) at the lumbar spine and hip, 
because this endophenotype constitutes one of 
the strongest predictors of future fracture. 

 BMD was always considered as a proxy for 
osteoporotic fracture risk. Many traditional bio-
chemical and endocrine measures (e.g., serum cho-
lesterol for heart disease creatinine for chronic 
kidney disease, insulin for diabetes, etc.) fi t into 
this category [ 7 ]. However, biochemical and endo-
crine markers are rarely used in osteoporosis genet-
ics [ 8 ,  9 ], despite advanced understanding of 
pathophysiologic pathways they are involved in. 

 Most of the controversy surrounding the choice 
of BMD as the best bone phenotype was due to an 
observation that genes contributing to variation in 
BMD evidently do not always contribute to osteo-
porotic fractures [ 6 ]. For these reasons, the ‘end-
point disease’, e.g., osteoporotic fracture  per se , 
was still considered to be a valuable exopheno-
type for genetic studies of osteoporosis. 
Traditional studies suggested that bone density 
and fractures have a different genetic milieu. 
Variance component analysis suggested that less 
than 1 % of additive genetic variance is shared 
between BMD and osteoporotic fractures at the 
hip [ 10 ]. Studies of many candidate genes in the 
pre-GWAS era (such as  ESR1  [ 11 ],  COL1A1  [ 12 ], 
 IGF-1  [ 13 ,  14 ]) confi rmed this early observation. 

 Much has changed in the last 7 years since our 
previous review of the fi eld. In the terms of quan-
titative genetics and genomics, these 7 years 
equate to a lifetime. One revolutionary develop-
ment was the technology of genotyping arrays 
that made it possible to study genes at a genome 
scale, using a genome-wide association study 
(GWAS) technique. To date, the GWAS approach 
has been proven productive in uncovering multi-
ple genes responsible for complex diseases [ 15 ]. 
Micro-array-based GWAS relies on the principle 
of linkage disequilibrium (LD), whereby the 
SNPs found to be associated with a phenotype 
like BMD may not necessarily be the true causal 
variants or even map to the correct causative gene 
because it cannot be established which of the 
SNPs in high LD are causal. Advances in bioin-
formatics and genotyping technology support the 

approach of using even denser genotype data 
achieved through imputation of un-genotyped 
SNPs. We refer the interested reader to the excel-
lent reviews of the technique and the achieve-
ments of GWAS [ 16 ,  17 ]. 

 Multiple GWAS have been performed in chil-
dren and young adults, which suggests a genetic 
role in peak bone mass accrual, which may impact 
the risk of osteoporosis later in life; (we however 
focus this overview on the studies that deal with 
older ages). Recent GWAS studied the risk of 
forearm fracture in younger adults [ 18 ] and peak 
bone mass in premenopausal women [ 19 ]. These 
studies clearly identify genetic loci associated 
with BMD and fracture at younger ages. 

 Based on the principle of reverse genetics 
(i.e., what phenotype can be affected by changes 
in a gene), GWAS can be brought up to serve as 
an arbiter in the dispute on what is a phenotype of 
choice for osteoporosis. If for example BMD is 
indeed an “endophenotype” (closer to the effect 
of genes than fracture), then the effects of changes 
in genes for osteoporosis would be more visible 
than for the “exophenotype”, fracture. We know 
that genetic correlations among quantitative traits 
predict how many associated SNPs are shared 
between these traits [ 20 ], this may also be true for 
a commonality between the quantitative pheno-
type such as BMD and a dichotomous trait, such 
as osteoporotic fracture, in regard to GWAS loci. 

 Indeed, many of the BMD-associated variants 
discovered by GWAS have some effect on frac-
ture. Thus, in the most recent and largest GWAS 
meta-analysis for BMD to date, with measure-
ments from >80,000 individuals, 56 loci were 
associated with BMD at genome-wide signifi cant 
levels [ 21 ]. Fourteen of these BMD loci were also 
found to be associated with the risk for osteopo-
rotic fracture, of which six (including  FAM210A, 
SLC25A13, LRP5, MEPE/IBSP, SPTBN1  and 
 DKK1 , see also Table  8.1 ) attained genome-wide 
signifi cance levels (P < 5 × 10 −8 ) [ 21 ]. Of note, the 
fractures used in these analyses were quite hetero-
geneous, and included hip, spine, and wrist, as 
well as other types of fractures.

   In their recent review in 2013, Liu et al. [ 27 ] 
summarized the putative osteoporotic fracture 
genes identifi ed in GWASs. Since then, several 
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notable GWAS’s of fractures were performed, 
mostly within the GEFOS (“Genetic Factors for 
Osteoporosis”) Consortium The shear number of 
genetic loci discovered by GWAS for osteoporosis- 
related (quantitative) traits since 2007 (almost 
100) speaks for its success as a revolutionary tool. 
However, a GWAS for fractures was not com-
pleted until recently. 

 GWAS for vertebral fractures identifi ed one 
genome-wide signifi cant signal in the discovery 
phase, which was not convincingly replicated in 15 
studies world-wide [ 28 ]. The GWAS discovery 
was based on the Rotterdam Study and comprised 
329 cases and 2666 controls with radiographic 
scoring of vertebral fracture (McCloskey–Kanis or 
Genant semi-quantitative defi nitions) and genetic 
data. A SNP (rs11645938) on chromosome 16q24 
was associated with the risk for vertebral fractures 
at p = 4.6 × 10 −8 . Replication of this SNP was pur-
sued by de-novo genotyping of 15 independent 
studies across Europe, the United States, and 
Australia and one Asian study, combining 5720 
cases and 21,791 controls. Association of this SNP 
with fracture was characterized by a high degree of 
heterogeneity (p = 0.0006) [ 28 ]; notably, the SNP 
maps to a region previously found to be associated 
with LS BMD by the GEFOS consortium [ 21 ]. 

 Oei et al. [ 29 ] also performed a genome-wide 
analysis of copy number variants (CNV) in 5178 
individuals from the Netherlands, including 809 
fracture cases; the Discovery was followed by  in 
silico  lookups and  de novo  replication in several 
independent samples. A 210 kb deletion located 
on 6p25.1 was associated with the risk of frac-
ture, in in-silico meta-analyses of four studies 
(odds ratio [OR] 3.11, 95 % confi dence interval 
[CI] from 1.01 to 8.22; p = 0.02). The prevalence 
of this deletion showed heterogeneity, mostly due 
to geographic diversity (some European samples 
could not identify such a CNV because of its rar-
ity (population prevalence = 0.14 %)). 

 Most recently, the largest GWAS meta- analysis 
for the fracture phenotype to date (n = 102,873, 
19,414 fractures) from 24 cohorts, was performed 
with fractures confi rmed by medical, radiological 
or questionnaire reports (Oei et al., 2014, unpub-
lished). When possible, fractures of the fi ngers, 
toes and skull, and high-energy traffi c accidents 

or falls from greater than standing height were 
excluded from analyses. The sex- pooled meta-
analysis comprised statistics from up to 2,768,948 
SNPs across 24 studies (female- only meta-analy-
sis included participants from 22 studies, and the 
male-only meta-analysis, from 18 studies). The 
Discovery GWAS was followed- up by a replica-
tion phase that included 35 SNPs from 27 loci, in 
163,292 participants (38,021 cases and 125,271 
controls). Ten loci replicated at genome-wide sig-
nifi cance levels, with small to moderate effect on 
fracture risk (OR 1.06–1.18); many of these loci 
were those previously found to be associated with 
BMD levels as well, of which several seem to be 
involved in Wnt signaling. A signal at 21q22.2, 
which had not been previously reported in either 
fracture or BMD GWASs, maps upstream of the 
gene  ETS2  that encodes a protein which has a role 
in skeletal development [ 30 ]. Although this is not 
a previously known BMD locus, its association 
with fracture risk still might involve BMD, as the 
SNP was nominally associated with DXA-derived 
BMD in the GEFOS study (P = 0.00014 for 
LSBMD) [ 21 ]. Notably, in this largest study of 
fracture risk (Oei et al., 2014, unpublished), 
genome-wide analysis of sex- chromosomes has 
not been performed. Table  8.1  summarizes the 
chromosomal loci found to date being associated 
with osteoporotic fractures. It is also apparent that 
the  majority of these “fracture genes” are associ-
ated to BMD and related proxy phenotypes. 

 This large GWAS meta-analysis for the fracture 
phenotype is not without its limitations. First, 
“cases” included individuals starting at the age of 
18 years, in whom skeletal fragility factors may be 
different than those occurring at later ages. For 
example, fractures at younger ages may be due to 
more severe trauma (e.g., during sports events) or 
due to different skeletal function such as the  mod-
eling  that occurs up until the time of peak bone 
mass, which is in contrast to the  remodeling  that 
infl uences fracture risk at later ages. Second, as 
said above, fractures of the fi ngers, toes 
and skull are routinely excluded. However, they 
might share some genetic etiology with the “main-
stream” long bones (hip, tibia) and complex bones 
(vertebra). For BMD, several loci display skeletal-
site specifi c effects [ 21 ], and for fracture risk, 
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site-specifi c genetic effects have been proposed as 
well [ 31 ]. If genetic risk factors exert site-specifi c 
effects, focusing on specifi c fracture types (e.g., 
long bone fractures of the extremity or only verte-
bral fractures) may be worthwhile in future stud-
ies. However, so far these approaches have been 
challenging, and the fi eld has not solved the prob-
lem of genetic and non-genetic etiological hetero-
geneity underlying different types of fractures. 
Empirically, analyzing the non-vertebral fracture 
and vertebral fracture in addition to all-type of 
fracture has not produced any additional signals 
[ 21 ]. Furthermore, not all studies in the meta-
analysis verifi ed self-report of fractures, which 
may have resulted in some misclassifi cation 
between cases and controls. 

 In addition to site-specifi city, there are prob-
lems with a phenotype defi nition and sample size 
making its study a challenge at present. Exploring 
age-specifi c effects would require even larger sam-
ples; the same can be expected for the SNP- by- age 
(or SNP-by-sex) interaction [ 32 ]. Large biobanks 
such as the ones in the U.K., Germany, Estonia, 
Iceland, and the Netherlands, and studies using 
medical records linked to genotype in large popu-
lations, hold future promise for the study of frac-
ture phenotypes. Of note there has been some 
attempt to combine a fracture occurrence and 
BMD measures as an osteoporosis phenotype [ 33 ] 
or to use a clinical diagnosis of osteoporosis as a 
phenotype, in a case-control study [ 34 ]. 

    What Has Been Achieved to Date: 
The Therapeutic Promises 
of Genomics 

 The ultimate goal of genetic discovery is to defi ne 
the molecular mechanisms that underlie the 
genotype- phenotype association, and to deter-
mine the potential for additional ways to treat 
human diseases (identify drug targets). Many loci 
emerging from GWAS discoveries seem to be 
actively involved in bone development and 
homeostasis, as well as systemic factors. Targeted 
functional studies using molecular techniques 
(e.g., animal experiments and cell line work) are 
necessary to increase our knowledge about the 

function of newly-discovered genes. Therefore, 
the fracture phenotype poses additional chal-
lenges for use of animal models: existing lab 
models of bone fracture are usually not too “phys-
iological”, since rodent fragility is an artifact. 
Similarly, fractures are a challenge for the phar-
macogenetics of the drug targets, since fracture 
prevention requires very large sample sizes in the 
conduct of clinical trials. 

 In addition to GWAS holding the potential to 
discover new pathways affecting the skeleton, 
some had hoped that genetic risk assessment could 
be added to traditional lifestyle risk score to better 
predict fractures. Recently, only a limited clinical 
utility has been shown for a genetic risk score 
(GRS) to predict fracture risk in elderly persons 
[ 35 ]. As mentioned above, meta-analysis by 
Estrada et al. identifi ed 63 autosomal SNPs asso-
ciated with BMD, of which 16 were also associ-
ated with fracture risk. Based on these fi ndings 
two genetic risk scores (GRS63 and GRS16) were 
calculated and applied to 2 male (MrOS-US and 
MrOS-Sweden) and one female (SOF) large pro-
spective cohorts of older subjects, with radio-
graphically and/or medically confi rmed incident 
fractures (8067 persons, 2185 incident non- 
vertebral or vertebral fractures). Both GRS63 and 
GRS16 were associated with fractures, however, 
after adjustment for BMD, the effect sizes for 
these associations were substantially reduced. Net 
reclassifi cation improvements were modest and 
substantially attenuated with the addition of the 
GRSs to a base BMD-adjusted models [ 35 ]. The 
clinical utility of the two GRSs for fracture predic-
tion is limited in elderly subjects if their BMD is 
known. Knowing a genetic risk score at very 
young ages could motivate an individual to opti-
mize bone health behaviors before reaching the 
age of increased skeletal fragility and fracture risk. 

 Along with the DXA-derived BMD, there is a 
potential value of using other proxies, such as 
pQCT, bone geometry measures or even bio-
markers (OPG, osteocalcin etc.). 

 High resolution peripheral quantitative com-
puted tomography (HR-pQCT) analysis has the 
advantage of revealing additional information 
about some structural bone traits, such as cortical 
porosity and trabecular bone architecture, and 
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of volumetric BMD in 3-D rendering. Paternoster 
et al. [ 36 ] published the fi rst GWAS to identify 
genetic loci associated with cortical and trabecular 
bone structural parameters in Europeans using stan-
dard peripheral computed tomography. Their 
GWAS meta-analysis for cortical vBMD (Discovery 
n = 5878, followed by replication, n = 1052) identi-
fi ed genetic variants in four separate loci ( RANKL, 
LOC285735, OPG(TNFRSF11B)  and  ESR1/
C6orf97 ). The trabecular vBMD meta-analysis 
(Discovery n = 2500; replication, n = 1022) identi-
fi ed one locus reaching genome-wide signifi cance 
( FMN2/GREM2 ). The genetic variant in the  FMN2/
GREM2  locus was also associated with fracture risk 
in older men from the Sweden cohort and with 
GREM2 expression in human osteoblasts.  

    Utility of Genetic Markers 
in Osteoporosis and Fracture 
Prediction 

 Osteoporosis genetic research was expected to 
provide a set of variants that could predict risk of 
future fracture. This in turn would allow preven-
tive therapy or life-style intervention to be applied 
early on. Since many alleles have been and have 
continued to be identifi ed by GWAS and sequenc-
ing efforts (see below), a weighted allele score 
approach had been implemented, by counting the 
number of deleterious alleles per person and 
weighting each allele by its effect size, so that 
higher risk score points out an individual with 
more deleterious alleles [ 37 ]. Thus, using alleles 
of 63 autosomal SNPs from the GEFOS-2 
GWAS, the consortium was able to capture a dif-
ference between the highest risk group and low-
est risk group of approximately ~0.86 standard 
deviations [ 21 ]. Similar to [ 35 ], only minor 
improvements in the area-under-curve (AUC) for 
fractures were seen by GEFOS-2 when the alleles 
were added to a base model (age, sex and weight), 
thus to date it seems that generally-measured 
clinical risk factors, such as age, sex, and body 
size, outperform an allelic risk score. 

 Most genetic variants claimed to be associated 
with a disease have small effects and only a tiny 
fraction of the genetic variance has been captured 

[ 38 ]. In their infl uential review, Richards et al. [ 37 ] 
predicted that many more common variants would 
be needed to capture the  variance in BMD or frac-
ture. They further predicted this may be improved 
by identifying less common variants that have a 
large effect on the risk of fracture and/or 
BMD. However, increase in the number of risk 
alleles comes at the expense of decreasing effect 
size for each subsequent allele. Furthermore, in 
addition to the highly polygenic allelic architec-
ture of BMD and osteoporotic fracture, gene- gene 
and allele-by-environment interactions make addi-
tive genetic risk scores somewhat limited. 
Environment interacts with the genetic back-
ground, and this interaction affects predisposition 
to diseases, including propensity to break bones 
[ 39 ]. Studies of gene-by-environment interactions 
had only begun quite recently, but in the future 
may afford prognostication of osteoporosis and 
will make personalized prevention efforts 
feasible.  

    Next-Generation Sequencing 

 Since the publication of the previous edition of 
this book, new and effi cient methods of DNA 
sequencing have become available. As was true 
for single-SNP association studies, the advent of 
sequencing in the fi eld of skeletal genetics started 
with the candidate genes for BMD and fractures. 
Thus, the  LRP5  gene – its 23 exons and exon–
intron boundaries – were sequenced in fracture- 
prone Finnish children [ 40 ]; 15 novel missense or 
silent coding variants were found. McGuigan 
et al. [ 41 ] sequenced the osteocalcin gene in a 
cohort of 996 women (all aged 75 years). More 
recently, GWAS-identifi ed genes were studied: 
Koromila et al. sequenced the entire  DKK1  gene 
in 607 postmenopausal women [ 42 ]. In 128 
young Danish men with extreme t-scores for 
whole-body BMD, the gene  WNT16  was 
sequenced [ 43 ]. In the latter study, 10 known 
SNPs were re-discovered, including rs55710688, 
insertion −/CCCA (so called “Kozak sequence”). 
Importantly, Hendrickx et al. also performed a 
functional evaluation of that sequence by lucifer-
ase reporter assay and in-vitro translation assay. 
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 Affordable next-generation sequencing (NGS) 
approaches led to the identifi cation of hundreds of 
genes causing Mendelian disorders, including 
some for skeletal diseases. The majority of discov-
ered mutations alter the coding regions of genes, 
which makes selective sequencing of protein- 
coding regions – the exons – a most cost- effective 
approach for the discovery of new mutations. NGS 
approaches can be applied to analyze the exome of 
even a single individual with a Mendelian disease. 
Thus, for a patient with severe osteogenesis 
imperfecta (OI), a truncating mutation in gene 
 SERPINF1  was discovered [ 44 ]. In several patients 
with the same  SERPINF1  mutation, fractures of 
long bones and severe vertebral deformities were 
observed as early as the fi rst year of life. In a simi-
lar study, in a 6-year-old boy with vertebral com-
pression fractures and low trabecular BMD, 
whole-exome sequencing (WES) implicated a 
mutation in  LRP5  gene [ 45 ]. The boy had a history 
of seven low-energy long- bone fractures starting at 
19 months of age and multiple radiographic verte-
bral compression fractures. WES revealed a het-
erozygous insertion of a nucleotide in exon 12 of 
 LRP5 , which corresponds to a loss-of-function 
mutation [ 45 ]. This mutation had previously been 
reported in another juvenile osteoporotic patient, 
again confi rming a role of  LRP5  in bone fragility 
early of life. Another example of successful WES’s 
application comes from a gnathodiaphyseal dys-
plasia (GDD), a rare autosomal dominant condi-
tion characterized by bone fragility, irregular 
BMD, and fi bro-osseous lesions in the skull and 
jaw [ 46 ]. A whole exome capture and massive par-
allel sequencing of two affected individuals (a 
mother and son) and the mother's unaffected par-
ents, identifi ed a mutation in the C-propeptide 
cleavage site of  COL1A1, –  another osteoporosis 
candidate gene. 

 Obviously, for a complex disease such as 
osteoporosis and phenotypes of fracture and 
BMD, although the NGS approach can be applied, 
sample size requirements are several orders of 
magnitude larger, and issues such as a possible 
misclassifi cation have arisen. Thus, whole-
genome sequencing of Icelandic individuals was 
undertaken. In the discovery analysis, cases 
(n = 4931) were defi ned as those with adjusted 

BMD levels <1 S.D. from the mean at the total 
hip, lumbar spine, or whole body, whereas the 
control group comprised 69,034 individuals who 
either had BMD above –1 S.D. and, for increased 
power, those who had no BMD information avail-
able at all [ 47 ]. The investigators found a rare 
nonsense mutation within the leucine rich repeat-
containing G-protein-coupled receptor 4 (LGR4) 
gene (C376T) that was strongly associated with 
low BMD and osteoporotic fractures. This is a 
rare nonsense mutation, which terminates  LGR4  
and completely disrupts the function of the pro-
tein. This mutation is also Iceland-specifi c, since 
it wasn’t found in other Europeans [ 47 ]. 

 More recently, Friedman et al. [ 48 ] performed a 
WES for the stress fracture (SF) phenotype. 
Although SF is believed to be a specifi c disease 
entity, genetic factors contributing to its pathogen-
esis may be shared with osteoporotic fractures. 
The authors thus performed an exome sequence 
capture followed by massive parallel sequencing 
of two pooled DNA samples from Israeli combat 
soldiers: cases with high grade SF (N = 34) and 
healthy controls (N = 60). The resulting sequence 
variants were genotyped in the same individuals 
and then validated in a second cohort of cases and 
controls (N = 136 SF cases and 127 controls). Of a 
total of 1174 discovered variants with >600 reads/
variant, 146 (in 127 genes) exhibited different 
rates between SF cases and controls (statistically 
signifi cant at  P  < 0.05 after multiple comparisons 
correction). Subsequent verifi cation of these 
sequence variants using the Sequenom™ platform 
validated 20 of the 146 variants with signifi cantly 
different rates in SF cases compared with controls. 
Notably, the list of implicated exons/genes did not 
overlap with those known for osteoporotic fracture 
or its proxy phenotypes, which might be a refl ec-
tion of modest discovery sample size, thus had to 
be taken with a “pinch of salt”. 

 Atypical fracture is another newly-recognized 
skeletal disease entity. Those are usually subtro-
chanteric fractures in mostly female patients with 
long-term use of bisphosphonates. These fractures 
have a distinct etiology from the osteoporotic frac-
tures, however, it is not clear yet whether they 
share pathophysiology with osteoporotic or stress 
fractures. Having a large, well-powered (or 

D. Karasik and D.P. Kiel



149

smaller, but homogenous) sample of patients for 
genome sequencing might provide an answer. 
Reverse genetics could then inform us, whether or 
not these atypical fractures have a common genet-
ics with early-life stress or late-life osteoporotic 
fractures. 

 NGS-based approaches had been pursued for 
the BMD and fracture phenotypes. Zheng et al. [ 49 ] 
tested genome-wide signifi cant variants associated 
with BMD for their effect on risk of fracture in 
10,459 cases and 27,581 controls, and identifi ed a 
variant rs11692564 near  WNT16  associated with 
fracture risk [ 49 ]. The observed effect size at 
rs11692564 was fourfold larger than the mean for 
DXA BMD (~0.05 S.D. per effect allele) and dou-
ble the largest previously reported effect (0.1 S.D.) 
Along with fi nding larger effect sizes, this study 
also taught us several important lessons. First, gene-
based collapsing methods did not identify any con-
vincing novel associations which were not 
genome-wide signifi cant through single-SNP asso-
ciations. This included collapsing variants below 1 
and 5 % MAF thresholds, or including all variants, 
only selecting evolutionarily conserved variants, or 
those from protein- coding regions. Second, some 
signifi cant rare variants were identifi ed only from 
few cohorts. As shown above, there are population- 
specifi c mutations [ 47 ], therefore replication in 
other cohorts might not be achievable. Finally, 
despite large sample size, rare variants, especially 
singletons, cannot be adequately captured for the 
collapsing tests due to poor imputation [ 49 ]. 

 In summary, while whole exome and whole 
genome sequencing might be of use in diagnosis 
of rare disorders and syndromes for which early 
intervention may modify the clinical decision 
process, utility of these methods for complex dis-
ease such as osteoporosis and related fractures 
has yet to be established.  

    Genetics of Falls 

 Not much is known about genetic factors contrib-
uting to the risk of falling, although it is such an 
important geriatric syndrome and risk factor 
for osteoporotic fractures. According to an ear-
lier report [ 50 ], this phenotype has evidence of 

moderate heritability. Thus, in a study of 99 
monozygotic (MZ) and 114 dizygotic (DZ) 
Finnish female twin pairs aged 63–76, “familial 
infl uences” accounted for susceptibility to at 
least one fall (30 % attributed to heritability), and 
for recurrent falls this estimate was 40 %. This 
study hinted also at the problems with the pheno-
type of falling, namely, it relies on self-report 
(the participants of cohort studies usually record 
their falls on a calendar; those incidents have to 
be verifi ed via telephone interview, and circum-
stances, causes, and consequences of the fall 
should be asked about to prevent phenocopies). 

 Since vitamin D has been implicated as play-
ing a role in multiple organ systems in older per-
sons, it has been suggested that vitamin D 
supplementation may reduce the incidence of 
falls by reducing body sway and increasing mus-
cle power [ 51 ]. Furthermore, vitamin D receptor 
(VDR) genotypes have been associated with cog-
nitive status, depressive symptoms, BMD, and 
sarcopenia, all of which are related to falling. 
Thus, it is not surprising that this gene was stud-
ied for its relationship with falls in a study of 259 
Italian participants (mean age 85.0 ± 4.5 (SD) 
years; 172 (66.4 %) were women [ 52 ]. Restriction 
enzyme’s polymorphisms Fok-1 and BsmI were 
analyzed. After adjusting for potential confound-
ers, compared with participants with the BB gen-
otype, those with the bb genotype had a 
signifi cantly lower OR for falls: 0.14 (95 % CI, 
0.03–0.66), while rate of falls did not differ sig-
nifi cantly across FokI genotypes (FF: 14.4 %, Ff: 
11.9 %, ff: 9.1 %;  p  = 0.43) [ 52 ]. 

 This indication of association between vita-
min D receptor gene polymorphisms and falls, 
was tested in two additional independent popula-
tion cohorts of postmenopausal women. Five 
polymorphisms of the  VDR  gene were analyzed 
(Cdx-2, Fok-1, BsmI, Taq1 and Apa1) in the 
Aberdeen cohort from UK. Carriers of the Bsm1 
B allele showed an increased risk for both multi-
ple falls (p = 0.047) and for recurrent falls 
(p = 0.043). Similar results were found in the 
“OPUS” cohort for falls (p = 0.025) and multiple 
falls (p = 0.015). Bsm1 polymorphisms were also 
associated with balance and muscle power mea-
surements. Results found in the APOSS cohort 
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were then validated in an independent cohort (the 
fi ve European cities based OPUS study). These 
studies demonstrate an association between the 
 VDR  Bsm1 polymorphism and risk of falling. 

 The genetic infl uence on such a multifactorial 
phenotype as falls might be either due to accumula-
tion of sensory diffi culties, autonomic nervous sys-
tem, postural balance, or weak muscles. Current 
studies tended to look “under the lamp post” – for 
the genetic and non-genetic factors that are easily 
available. The time may be right for performing a 
GWAS study for propensity to fall, since it holds a 
promise to bring to light new genomic loci.  

    Genetic Predisposition to Fracture 
Non-union 

 Once a fracture occurs and the bones are re- 
aligned, a healing process begins. Fracture healing 
is a complex process; in some cases the fracture 
healing is ineffective, leading to non- unions, more 
often in long bones. Fracture non- unions, while 
multifactorial in origin, include a component of 
genetic predisposition. One pilot study performed 
an analysis of SNPs in a genetic pathway known to 
regulate fracture healing, the Bone Morphogenetic 
Protein pathway [ 53 ]. SNPs in 4 genes ( BMP2, 
BMP7, NOGGIN  and  SMAD6 ) were examined in 
62 patients with atrophic non- union compared to 
47 patients with uneventful fracture union. As 
expected, this analysis revealed patient’s age to be 
an important covariate in the development of atro-
phic non-union. Also, two SNPs, rs1372857 
located in  NOGGIN  and rs2053423, located in 
 SMAD6 , were found to be associated with a greater 
risk of fracture non- union, after adjustment for 
age. One might thus consider an existence of a 
potential genetically predetermined impairment 
within the BMP signaling cascade, above and 
beyond effect of the patient’s age [ 53 ]. 

 Another similar study tested 16 SNPs within 
fi ve genes involved in bone repair ( FAM5C ,  BMP4 , 
 FGF3 ,  FGF10 , and  FGFR1 ) in 167 patients with 
long bone fractures (101 with uneventful healing 
vs. 66 with aseptic non- unions) [ 54 ]. A signifi cant 
association of variants in  BMP4  ( p  = 0.01) and 
 FGFR1  ( p  = 0.005) with non-union was observed, 

while uneventful healing showed association with 
 FAM5C  rs1342913 ( p  = 0.04). Based on these early 
candidate-gene studies, polymorphisms in cer-
tain genetic pathways, such as growth factors, 
can be involved in delayed bone healing. 
Similarly, a comparison of the transcriptome of 
mouse callus tissues across a period of fracture 
healing showed that about one-third of the 
expressed genes are mouse homologues of the 
genes induced in human embryonic stem cells, 
such as members of BMPs, Wnt and homeobox 
pathways. Many of the genes that control appen-
dicular limb development also show increased 
expression during fracture healing. Fracture heal-
ing might be seen as reminiscent of the post-natal 
developmental process (see an infl uential paper of 
Gerstenfeld et al. [ 55 ]), therefore bone’s dimin-
ished ability to regenerate with advanced age can 
be attributed to the aging paradigm. There is a 
need to bridge between the studies in human 
patient cohorts and animal models, to dissect the 
 mechanism underlying the infl uence of specifi c 
gene loci on the processes of fracture repair, as 
well as the contribution of aging, to be translated 
into personalized treatment options [ 56 ].  

    Concluding Remarks 

 Identifi cation of signifi cant genetic variants under-
lying the phenotypes of bone aging is now possi-
ble more than ever due to rapidly developing 
advanced genomic technologies. Contemporaneous 
growth of molecular and cellular, human and ani-
mal data, and our ability to model biological pro-
cesses in-vitro and in-vivo, is unparalleled. The 
revolutionary changes at a time of explosive 
growth in whole genome sequencing and bioinfor-
matics, present both tremendous opportunities and 
great challenges to the fi eld of human genetics 
[ 57 ]. 

 Any statistically-identifi ed genetic variation 
has to be substantiated in a real biological context 
[ 38 ]. The use of animal modeling experiments 
can guide hypothesis-driven human studies and 
to validate their results. However, animal models 
do not fully recapitulate the phenotype of human 
fracture, therefore human genetic studies of the 
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      Fracture Epidemiology Among 
Individuals 75+                     

     Heike     A.     Bischoff-Ferrari     

         Introduction 

 Fractures contribute signifi cantly to morbidity 
and mortality of older individuals. Approximately 
75 % of all osteoporotic fractures occur among 
seniors age 65 and older [ 1 ], and 1 in 2 women 
and 1 in 5 men age 50 are expected to sustain a 
fracture in their remaining life time [ 2 ]. 

 After age 75, hip fractures are the most fre-
quent fracture and up to 50 % of older individuals 
suffering a hip fracture will have permanent func-
tional disability [ 3 – 6 ]. Most critical is the fi rst 
year after hip fracture with 21–30 % of patients 
being re-admitted to acute care for any reason [ 6 , 
 7 ], 5–8 % fracturing their other hip [ 6 ,  8 ], 
15–34 % requiring long-term nursing home care 
[ 3 – 6 ], and up to 20 % loosing their life [ 3 – 6 ]. The 
exponential 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 [ 9 ]. Consequently, hip frac-
ture 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 [ 10 ]. 

 This chapter reviews epidemiologic data on 
the rates of hip and other common fractures 
among older individuals. In addition, future pro-
jections, 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 [ 11 ] and falling [ 6 ,  12 ,  13 ]. Thus, at 
the beginning of this chapter, the epidemiology 
of falls, and their importance in regard to frac-
ture risk among older individuals is being 
reviewed.  

    Falls and Why They Need to be 
Addressed for Optimal Fracture 
Prevention Among Older Individuals 

 With a focus on fractures at age 70+ in this chap-
ter, falling is essential to take into consideration 
[ 13 ]. The primary risk factor for a hip fracture is 
a fall, and over 90 % of all fractures occur after a 
fall [ 11 ]. Recurrent fallers may have close to a 
four-fold increased odds of sustaining a fall- 
related fracture compared to individuals with a 
single fall [ 14 ]. As the number of seniors aged 65 
and older is predicted to increase from 25 to 
40 % by 2030 [ 15 – 19 ], the number of fall related 
fractures will increase substantially. Fall rates 
increase 10 % per decade, and over 30 % of all 
community-dwelling and 50 % of all institution-
alized men and women aged 65 fall once a year 
[ 20 ]. Serious injuries occur with 10–15 % of 
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falls [ 12 ], resulting in fractures in 5 % and hip 
fracture in 1–2 %. 

 Falls are multi-factorial [ 13 ,  20 ,  21 ], however, 
key contributors to the risk of falling and their 
consequences are muscle weakness and sarcope-
nia [ 22 ], as well as prior falls and fractures [ 23 ]. 
As an independent determinant of functional 
decline and disability [ 24 ] and primary risk factor 
of hip fractures [ 11 ], falls are a hallmark of 
frailty, lead to 40 % of all nursing home admis-
sions (loss of autonomy) [ 4 ] and thereby reduce 
healthy life expectancy (see Graph  9.1 ).

   Because of the increasing proportion of older 
individuals, annual costs from all fall-related 
injuries in the United States in persons 65 years 
or older are projected to increase from $20.3 bil-
lion in 1994 to $32.4 billion in 2020 [ 25 ]. Thus 
interventions that reduce the risk and thereby 
consequences of falls, such as fractures, may 
have substantial public health value. 

 Mechanistically, the circumstances [ 26 ] and 
the direction [ 27 ] 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 [ 28 ]. Consistent with the understanding that 
factors unrelated to bone are at play in fracture 
epidemiology, 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 [ 29 – 31 ]. 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 cor-
respondingly more likely to be outdoors and have 
a greater forward momentum when they fall 
[ 32 – 34 ]. 

 Even if bone is the primary target, falling may 
indirectly affect bone density through increased 
immobility from self-restriction of activities [ 35 ]. 
It is well known that falls may lead to psycho-
logical trauma known as fear of falling [ 36 ]. 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 [ 36 ]. After their fi rst fall, 
about 30 % of persons develop fear of falling [ 35 ] 
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  Graph 9.1    Relevance 
of falls       

 

H.A. Bischoff-Ferrari



159

resulting in self-restriction of activities [ 35 ], 
increasing immobility, and decreased quality of 
life [ 36 ]. Challenging for the assessment of falls 
is that falls tend to be forgotten if not associated 
with signifi cant injury [ 37 ], requiring short peri-
ods of follow-up. 

 Thus, for optimal fracture prevention, both 
muscle and bone health need attention [ 6 ,  28 ,  38 , 
 39 ]. Notably, the world wide promotion of frac-
ture liason services for the secondary prevention 
of fractures build on fall prevention as a key com-
ponent [ 40 ].  

    Site-Specifi c Fracture Epidemiology 
Among Older Individuals 

    Hip Fractures 

 Hip fractures are the most common fractures 
among white and black individuals age 75 and 
older [ 41 ,  42 ]. Future projections indicate that 
hip fractures increase in many countries [ 43 ]. By 
2050 the worldwide incidence in hip fractures is 
expected to increase by 240 % among women 
and 310 % among men [ 43 ]. 

 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 occur in Asia, with a further increase in 
2050 with 45 %. 10-Year hip fracture probability 
varies world-wide and is shown in Graph  9.2  
according to Kanis JA et al. [ 44 ]. 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 pop-
ulation [ 16 ].

   Within different countries and race/ethnicity 
groups hip fracture risk increases exponentially 
with age. Graph  9.3  gives US population-based 
data on the actuarial risk of hip fracture among 
individuals with age 65 (Medicare recipients) 
according to Barrett et al [ 41 ]. In addition, hip 
fracture rates vary considerably by gender and 

type of dwelling [ 45 ] and based on selection crite-
ria from randomized controlled trials. The highest 
hip fracture rates were observed in the placebo 
group of vitamin D trials among nursing home 
residents. Table  9.1  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 bisphos-
phonate and vitamin D trials. Based on this 
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 comparison, vitamin D trial included participants 
at higher risk of fracture, and thereby more repre-
sentative of the population at risk of hip fracture. 
Table  9.2  shows risk factors for hip fracture 
among women age 65 and older. Risk factors for 
hip fractures among older men include falls [ 38 ], 
low estradiol and low testosterone levels [ 61 ], 
prior fracture, and low hip bone density [ 27 ].

         Other Common Non-vertebral 
Fractures 

 Apart from hip fractures,  the other two most 
common fractures at non - vertebral sites  are 
distal forearm and proximal humerus fractures, 
and similar to hip fractures, distal forearm 
(Graph  9.4 ) and proximal humerus fractures 
(Graph  9.5 ) show a steep increase with age [ 41 ], 
which is most pronounced in white women. 
Notably, however, the circumstances of these 
fractures are strikingly different compared with 
hip fractures. Hip fractures tend to occur in less 
active seniors falling indoors from a standing 
height with little forward momentum, and they 
tend to fall sideways or straight down on their hip 
[ 29 – 31 ]. On the other hand, distal forearm or 
humerus fractures tend to occur among more 

active seniors who are correspondingly more 
likely to be outdoors and have a greater forward 
momentum when they fall [ 32 – 34 ]. This may 
also explain why hip fracture incidence shows 
little to no seasonal change, while the winter/
summer seasonal swing is pronounced in distal 
forearm and humerus fractures, and more so in 
men than in women [ 62 ] (see section on season-
ality and fracture risk in this chapter).

    Ankle fractures are less common than hip, 
forearm and humerus fractures, an their increase 
with age is less pronounced (see Graph  9.6 ).

       Vertebral Fractures 

 Vertebral fractures cause disability, back pain 
[ 63 ], and decreased quality of life among older 
individuals [ 64 ]. Women with a fi rst vertebral 
fracture, have a more than 19 % risk of develop-
ing a second vertebral fracture in the subsequent 
year [ 65 ], a 2.5-fold increased risk for any subse-
quent fracture [ 23 ], and a 2.8-fold increased mor-
tality rate within the following 10 years [ 66 ]. 

 Compared with hip fractures, the epidemiology 
of vertebral fractures is challenging with less than 
30 % of vertebral fractures coming to clinical 
attention [ 42 ]. Based on data from Cooper and 
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   Table 9.1    Hip fracture rates from cohort studies and 
clinical trials   

 Data source  Age 

 Hip 
fracture 
rates per 
10,000 
person- 
years 

 Cohort data 

 NHANES I – men [ 46 ]  70+  37 

 NHANES I – women  70+  87 

 Framingham – men [ 47 ] 

 75–79  3.2 

 80–84  6.6 

 85–89  18.8 

 90–94  30.6 

 95+  45.5 

 Framingham – women 

 75–79  7.8 

 80–84  15 

 85–89  28.4 

 90–94  43.5 

 95+  70.2 

 Dubbo – men [ 48 ]  85+  119 

 Dubbo – women  85+  260 

 Trial data – primary prevention (all women) 

 FREEDOM trial for denosumab 
[ 49 ] ( bone mineral density T 
score of less than  − 2.5 at the 
lumbar spine or total hip ) 

 72 
(60–90) 

 37 

 HORIZON trial for 
zolendronate [ 50 ] 
( T - score  ≤ − 2.5 or  ≤ − 1.5 with 
prevalent vertebral fracture ) 

 73 
(65–89) 

 76 

 HIP trial for residronate 
( T - score of  < −  4.0 or 
T - score  < −  3.0 plus a 
nonskeletal risk factor for hip 
fracture ) [ 51 ] 

 74 
(SD ± 3) 

 101 

 HIP trial for residronate ( at 
least one nonskeletal risk 
factor for hip fracture or low 
bone density ) [ 51 ] 

 83 
(SD ± 3) 

 124 

 FIT trial for alendronate ( low 
bone density ,  no fracture ) [ 52 ] 

 68 
(SD ± 6) 

 26 

 Vitamin D trial Lips et al. [ 53 ] 
  Assisted living  

 80 
(SD ± 6) 

 107 

 Decalyos I Vitamin D trial [ 54 ] 
  Nursing home  

 84 
(SD ± 6) 

 523 

 Decalyos II Vitamin D 
trial [ 55 ] 
  Nursing home  

 86 
(SD ± 8) 

 553 

Table 9.1 (continued)

 Data source  Age 

 Hip 
fracture 
rates per 
10,000 
person- 
years 

 Trial data secondary prevention after acute hip fracture 

 Zurich hip fracture trial for 
vitamin D ( 70  %  community –
 dwelling ,  men and women 
within 1 week of acute hip 
fracture ) 

 84 
(65–99) 

 520 

 HORIZON recurrent fracture 
trial for zolendronate ( 100  % 
 community – dwelling ,  men 
and women within 90 days of 
acute hip fracture ) 

 74 
(50+) 

 164 

 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 [ 42 ]. Graph  9.7  illustrates data from 
the SOF study on prevalence of vertebral frac-
tures among women by age suggesting that 1 in 
3 women will have a prevalent fracture at age 80 
[ 60 ]. In regard to men, after age 80, vertebral frac-
ture rates have been reported to be similar to those 
in women [ 67 ]. In fact, based on radiological 
deformities, data from a multi-center European 
study found equal sex incidence between the ages 
50 and 79. The latter study further suggested a 
geographical variation of vertebral fractures within 
Europe with higher rates in Skandinavia [ 68 ].

   More than 90 % of vertebral fractures in 
women result from mild to moderate trauma, 
while among men, this proportion is only 55 % 
[ 69 ]. Severe vertebral deformities appear to have 
a predilection between T10 and L1 [ 69 ]. Risk 
factors for a fi rst radiographic vertebral fracture 
among women age 65 and older are shown in 
Table  9.2  [ 60 ].  

    Mortality After Fracture 

 Fractures contribute signifi cantly to mortality at 
older age and mortality is highest after hip and 

9 Fracture Epidemiology Among Individuals 75+



162

vertebral fractures [ 70 ]. Generally, the risk of 
death is highest in the fi rst year following frac-
ture compared with later time periods and among 
men compared with women [ 71 ]. 

 Mortality from hip fractures has been esti-
mated between 12 and 20 % among women in 
the fi rst year after the event [ 5 ,  6 ] and decline 

thereafter [ 72 ]. Men, despite their lower inci-
dence of hip fractures, have a two-fold higher 
risk of death after hip fracture compared to 
women [ 73 ]. The increased risk among men is 
still unclear. One explanation, however, has been 
suggested by the Baltimore Hip studies [ 74 ], 
where mortality rates after hip fracture were 

    Table 9.2    Risk factors for fi rst incident hip and radiographic vertebral fracture in women age 65 and older   

 Hip fracture  Radiographic vertebral fracture 

 Risk factors for fi rst fracture 

 Older age  Older age 

 Any previous fracture  Previous non-spine fracture 

 Low calcaneal bone density  Low bone density at all sites 

 No increase in weight since age 25  Low body mass index 

  Current smoking was not associated with risk of 
hip fracture  

 Current smoking 

  Low calcium intake was not associated with risk of 
hip fracture  

 Low milk consumption during pregnancy (<1 glass/day) 

 On feet < 4 h per day  Low levels of daily physical activity (walks < 1 block/day 
or < 1 h/day household chores) 

 (falls not considered in this model)  Having a fall 

 (antacid use not considered in this model)  Regular use of aluminum containing antacids 

 History of maternal hip fracture   Maternal hip fracture was not associated with risk of 
vertebral fracture  

 Tall at age 25  (Tall at age 25 not considered in this model) 

 Low self-rated health   Self - rated health was not associated with risk of 
vertebral fracture  

 Previous hyperparathyroidism   Previous hyperparathyroidism was not associated  
  with risk of vertebral fracture  

 Current use of long-acting benzodiacepins  (long-acting benzodiacepin use not considered in this 
model) 

 Current use of anticonvulsant drugs  (anticonvulsant drug use not considered in this model) 

 Current caffeine intake   Caffeine intake was not associated with risk of 
vertebral fracture  

 Inability to rise from a chair   Inability to rise from a chair was not associated with 
risk of vertebral fracture  

 Resting pulse > 80 beats/min  (resting pulse not considered in this model) 

  Vitamin D defi ciency  /  latitude  

  Previous fall  

  Table two 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 et al. [ 11 ]. 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 5 or more risk factors plus a calcaneal bone 
density in the lowest 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 [ 12 ,  27 ,  38 ], vitamin D defi ciency [ 56 – 58 ], and latitude away 
from the equator [ 59 ]). Risk factors for radiographic incident fractures are adapted from Nevitt MC et al.; Journal of 
Bone and Mineral Research 2005 [ 60 ]. For radiographic vertebral fractures, women in the lowest third of wrist bone 
density plus 5 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 defi ned as a 20 % and at least 4-mm decrease in verte-
bral height  

H.A. Bischoff-Ferrari



163

similar between men and women if deaths 
caused by infections were excluded. Deaths 
related to infections (pneumonia, infl uenza, and 
septicemia) explained the gender difference in 
the Baltimore cohort and the gender difference 
appeared to be maintained throughout the sec-
ond year after hip fracture. Independent of gen-
der, pre-existing morbidity and poor functional 
status have been identifi ed as risk factors for 
mortality after hip fracture [ 75 ,  76 ]. 

 In a Swedish cohort study [ 70 ], mortality in 
the fi rst year after fracture events has been 
described to be 22 % for hip fractures, 6 % for 
forearm fractures, 13 % for shoulder fractures, 
and 28 % for spine fractures. Beyond the fi rst 
year, mortality decreased in the subsequent years 
consistent with US data [ 71 ]. At 5 years, mortal-
ity was 59 % for hip fracture, 26 % for forearm 
fractures, 36 % for shoulder fractures, and 72 % 
for vertebral fractures [ 70 ].   
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  Graph 9.4    Actuarial risk of 
distal forearm fracture in 
percent of a 65 year old 
individual (Data is adapted 
from Barrett et al. [ 41 ]) 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 fracture       
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  Graph 9.5    Actuarial risk of 
proximal humerus fracture in 
percent of a 65 year old 
individual (Data is adapted 
from Barrett et al. [ 41 ]) 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 fracture       
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    Geographic and Seasonal Variations 
in Hip and Other 
Non- vertebral Fractures 

 Excess winter morbidity and mortality continue 
to be important public health problems, espe-
cially among older persons [ 77 – 79 ]. In addition 
to clear seasonal variations in respiratory [ 78 – 81 ] 
and cardiovascular diseases [ 82 ], fractures of the 

hip [ 83 – 89 ] and distal forearm [ 90 ] contribute to 
high winter morbidity rates in older persons. 

 Some studies indicate that falls due to snow 
and ice may play an important role in seasonal-
ity of fractures [ 84 ,  85 ]. 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 [ 91 ]. On the other hand, hip fractures, which 
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  Graph 9.6    Actuarial risk of 
ankle fracture in percent of a 
65 year old individual (Data is 
adapted from Barrett et al.
[ 41 ]) 3.9 % of 65-year old 
white women and 1.3 % of 
white men, as well as 2.4 % of 
black women and 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 fracture       
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fracture prevalence by age 
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by Nevitt et al. [ 60 ]) Based 
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mostly occur indoors [ 29 – 31 ], may be less 
affected by snow and ice. 

 In a large population-based study from the 
United States, fracture rates for hip, distal fore-
arm, proximal humerus, and ankle were higher in 
winter than in other seasons, although the winter 
peak was small for hip fractures [ 92 ]. This sea-
sonal 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, proximal 
humerus, and ankle. In winter, total snowfall was 
associated with a reduced risk of hip fracture 
(−5 % per 20 in.) but an increased risk of non-hip 
fractures (6–12 %; p < 0.05 at all sites). In sum-
mer, hip fracture risk tended to be lower during 
sunny weather (− 3 % per 2 weeks of sunny days; 
p = 0.13), while there was an increased risk of the 
other fractures (15–20 %; p < 0.05) in sunny 
weather [ 92 ]. 

 One plausible explanation for the strikingly 
different 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 [ 29 – 31 ], while the others tend to 
occur among more active individuals who are 
correspondingly more likely to be outdoors [ 32 –
 34 ]. Clearly, weather would affect the latter group 
differently than the former [ 29 ]. 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 
hypothesis is suggested by the subgroup analy-
ses, 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 indi-
viduals younger than 80; see Table  9.3 ).

   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 expo-
sure [ 93 ,  94 ]. Improved vitamin D status through 

supplementation with vitamin D may reduce the 
risk of falls [ 56 ], improve bone mineral density 
[ 95 ,  96 ] and reduce risk of fractures [ 54 ,  57 ,  58 , 
 95 ] in older individuals. The benefi t of sun expo-
sure 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 com-
bined [ 59 ]. On the other hand, for the fractures 
outside the hip, an incremental gain in vitamin D 
from sunlight exposure may be out-weighed by 
the increased risk associated with out-door activ-
ities in more active older persons in sunny 
weather. 

 Corroborating the fi ndings on snowfall in win-
ter 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 North of the US, where colder 
weather is more common [ 97 ]. At the same time, 
there no indication of a North–south gradient 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 East [ 97 ]. Ankle fractures 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 variation of hip fractures 
have been investigated for Europe, where rates 
appear to be higher in the North compared to the 
South (Graph  9.8 ). 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 [ 77 ].

       Repeat Fractures 

 Several large cohort studies have shown that after 
a fi rst fracture, repeat fractures occur frequently, 
with a peak incidence in the fi rst and tapering off 
after 3–5 years of the fi rst fracture [ 23 ,  98 ,  99 ]. 
Based on a 16-year follow-up of the Dubbo 
Osteoporosis Study [ 23 ], the absolute risk for a 
repeat fracture increases steeply and equally in 
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men and women with age (see Graph  9.9 ) 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+ was 1.65 
(95 % 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+ was 3.75 (2.19–6.43), 4.32 (3.00–6.21), and 
2.77 (1.69–4.54) respectively. The absolute site-

specifi c repeat fracture risk was highest for hip 
fracture as the incident fracture among women 
with a 2.79-fold increased risk for a repeat frac-
ture (95 % CI: 2.06–3.77). Among men the inci-
dent fracture associated with the highest repeat 
fracture risk was a 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 Graph  9.9  [ 23 ].

   Table 9.3    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)  RR (95 % CI)  RR (95 % CI)  RR (95 % CI)  RR (95 % CI)  RR (95 % CI) 
 Men  Women  Younger 

(65–80) 
 Older (>80)  White 

individuals 
 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 et al. [ 92 ] 
 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 signifi cance of difference by 
gender, age, and race in regard to winter-summer relative fracture risk, 
  *  p  < 0.05;  **  p  < 0.01;  ***  p  < 0.001  
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  Graph 9.8    Absolute rates 
of fi rst and repeat fractures 
according to gender and age 
(Adapted from Center et al. 
[ 23 ]) “W” stands for women 
and “M” stands for men. The 
absolute risk for a fi rst 
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 a 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)       
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      Falls as a Geriatric Syndrome: 
Mechanisms and Risk 
Identifi cation                     

     Manuel     M.     Montero-Odasso     

        “It takes a child one year to acquire independent 
movement and ten years to acquire independent 
mobility. An old person can lose both in a day 
Bernard Isaacs”. [ 1 ] 

      Introduction 

 This quote from the late Bernard Isaacs, now 
four decades after being written, still portrays 
the crude consequence an older adult may expe-
rience after a single fall [ 1 ]. Falls, as a geriatric 
syndrome, certainly affect independent move-
ment and mobility in older adults. Despite the 
enormous efforts of researchers and clinicians 
to comprehend the complexity of falls, there is 
still a signifi cant gap in our complete under-
standing of this challenging syndrome. The aim 
of this chapter is to reduce this gap, address new 
areas of knowledge, including the role of certain 
aspect of cognition in falls mechanisms, and 
provide a rationale for the integration of a falls 

and fractures risk assessment into research on 
the emerging problem of osteoporosis in older 
populations. 

 Falls and fall-induced injuries in older peo-
ple is a worldwide problem with substantial 
clinical and public health implications. They 
are both associated with advancing age and an 
increased risk of disability, dependency, pre-
mature nursing home admission, and mortality 
[ 2 ]. First described almost 40 years ago in con-
text of the geriatric syndrome “instability,” 
falls have become increasingly important in 
recent years [ 3 ]. A fall is defi ned as “an unin-
tentional change in position resulting in com-
ing to rest at a lower level or on the ground” 
[ 4 ]. Syncopal events, loss of consciousness due 
to seizures or acute stroke are not included in 
the fall defi nition, although they can also pres-
ent as an episode of instability and a change of 
position to a lower level [ 5 ,  6 ]. While falls can 
have multiple and diverse aetiologies, they 
generally share similar risk factors as they fre-
quently result from the accumulated effect of 
impairments in multiple systems. Therefore, 
an intelligent approach to addressing this com-
plex problem must fi rst take into consideration 
the most likely causes, contributing factors, 
and associated comorbidities. Since falls and 
fractures in older adults have an entangled 
relationship, a characterization of the risk fac-
tors for fractures must be also considered in 
this joint approach. 

        M.  M.   Montero-Odasso ,  MD, PhD, AGSF, FRCPC      
  Division of Geriatric Medicine, Department of 
Medicine ,  University of Western Ontario ,   London , 
 ON ,  Canada    

  Lawson Health Research Institute ,   London ,  ON ,  Canada    

  Gait and Brain Lab ,  St. Joseph’s Health Care & 
Parkwood Institute ,   London ,  ON ,  Canada   
 e-mail: mmontero@uwo.ca  

  10

mailto:mmontero@uwo.ca


172

    Historical Perspectives and New 
Insights 

 Falls, as a geriatric syndrome, has been described 
for centuries as a natural accident that occurs com-
monly with older adults. For instance, the ancient 
Egyptians represented older persons in hiero-
glyphs as a man bent over using a cane, possibly 
indicating an understanding of an older individu-
al’s tendency to experience falls. This begs the 
question: if falls have been a known problem in 
the elderly for so long, why has interest in the 
topic increased today? One possibility may 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 allowed 
the proportion of elderly people in the population 
to increase dramatically, a pattern seen in most of 
the western world. This increased longevity, how-
ever, has also been accompanied by increased lev-
els of disability and incidence of falls and fractures, 
consequences that are now being studied and pub-
lished in the medical literature. In the beginning, 
the primary focus of falls research was on the 
mechanical consequences of the fall namely 
physical injury and fractures, both of which were 
assumed to be an expected result of the normal 
ageing process. However, to consider falls as an 
inevitable or even normal phenomenon associ-
ated with aging, has signifi cantly delayed the cre-
ation of a systematic approach to this syndrome. 

As a result, the initial approach was based exclu-
sively on treating the consequences of falls, which 
generated a 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 aetiologies. Falls and 
fractures are principal components of the geriatric 
giants of “Instability” and “Immobility” [ 1 ] and 
both are principal components in the vicious cir-
cle involving fall and fractures in older adults. As 
shown in Fig.  10.1 , once immobilization due to 
falls or muscle weakness starts, it exacerbates the 
neuromuscular impairment leading to decon-
ditioning problems, and increasing muscle weak-
ness and potentially sarcopenia, increasing the 
risk of future falls and fractures. Cohort and retro-
spective observational studies conducted during 
the early 1980’s described the epidemiology, con-
sequences, and underlying factors responsible for 
the falls syndrome [ 3 ,  4 ,  6 – 10 ]. Clinical trials 
conducted in the late 1980’s demonstrated that 
interventions based on multifactorial and multi-
disciplinary approaches can 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 applicabil-
ity of falls prevention and fractures treatment to 
everyday clinical scenarios.

Sarcopenia

Neuromuscular
impairment 

InstabilityFalls and fractures

Poor nutrition

Immobilization

CNS impairment

Osteoporosis
Syncopal events

  Fig. 10.1    Vicious cycle in 
falls and fractures and 
principal contributors. 
 Green arrows  is the circle. 
 Blue arrows  are the 
contributors. Note: CNS, 
central nervous system       
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   Falls do not happen all the time in the same indi-
vidual and there are key “trigger events” that act as 
contributors of the falls syndrome, which will be 
explored in the “risk factors” section of this chap-
ter. Similarly, the role of cognitive processes, par-
ticularly attention and executive function defi cits, 
are becoming increasingly thought as an important 
determinant of falls, even in those elderly consid-
ered cognitively normal [ 16 ]. These intriguing 
fi ndings will be explored in this chapter under the 
“Cognitive aspects for fall risk” section.  

    Epidemiology of Falls 

 The incidence and severity of fall consequences 
rises steadily entering the sixth decade and tends 
to be higher among persons over 80 years old. 
However, the high incidence of falls in this 
group is not the actual problem as other popula-
tions, such as children and professional athletes, 
have an even higher frequency of falls. Rather, 
the problem for the elderly is the increased mor-
bidity associated due to falls. Due to the number 
of comorbidities associated with the ageing pro-
cess, in particular osteoporosis and the loss of 
the  adaptive and defensive mechanisms related 
to falling, older people are much more suscep-
tible to sustaining a serious injury even after a 
minor fall. Accidents are generally ranked as the 
fourth or fi fth leading cause of death in the devel-
oped world, with falls being the leading cause of 
accidental death in older adults accounting for 
two thirds of these deaths [ 17 ]. 

 The prevalence and incidence of falls vary 
according to the population and setting being 
analyzed. The reported incidence of falls in com-
munity dwelling older adults is about 30 % per 
year for ages 65 and older, and between 40 and 
50 % for ages 80 and older [ 14 ]. Among individ-
uals 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 %, while older adults living in long- 
term care facilities have a prevalence of falls 
ranging from 45 to 50 % [ 17 – 19 ]. As was stated 
earlier, falls constitute the largest single cause of 
injury related mortality in elderly individuals; 

moreover, falls are an independent determinant 
of functional decline, leading to 40 % of all nurs-
ing home admissions and substantial societal 
costs. This prevalence in institutional settings is 
due to a variety of factors including the intrinsic 
characteristics of the residents in nursing homes, 
with the majority being frail and/or cognitively 
impaired, and the more accurate reporting of falls 
that generally occurs in these settings [ 18 ].   

    Complications of Falling 

 Falls can have a number of serious medical, 
physiological, and social consequences that are 
sometimes underreported or underestimated in 
the literature (see Table  10.1 ).

      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 a 
“fear of falling”; 15 % sustain suffi cient injury 
that leads to frequent visits to emergency care 
due to the pain, bruises, or dizziness; 10 % sus-

   Table 10.1    Frequent consequences of the fall syndrome 
in older people   

 Cause  Consequence 

 Medical  Haematoma 

 Fracture 

 Chronic pain 

 Death 

 Psychological  Fear of falling 

 Anxiety 

 Loss of confi dence 

 Depression 

 Social  Dependency 

 Isolation 

 Placement in long term care 

 Functional  Immobility 

 Deconditioning 

 Disability and dependence 
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tain a severe injury but not a fracture (e.g. head 
injury, brain haematomas, or chest trauma), and 
5 % sustain a fracture with 1 % of these being a 
hip fracture [ 18 ,  20 ]. These percentages can be 
more than doubled for women aged 75 and older 
[ 21 ]. 

 It has long been understood that the way a per-
son falls can determine the type of the injury they 
will sustain. For example, wrist fractures often 
result from forward falls onto a hand, hip frac-
tures typically happen from falls on the side, 
while 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, 
while those over the age of 75 suffer more hip 
fractures. Several hypotheses have been postu-
lated in an attempt to explain this apparent shift 
from wrist to hip fractures. One of the most 
accepted theories explains the shift as a result of 
slower defensive refl exes in individuals over 75 
years of age [ 22 ].  

    Psychological and Social 
Consequences 

 No less important, and in some cases even more 
frequent, are the social and psychological con-
sequences of falls and how they may impact 
functional domains. Fear of falling has been 
described as a serious concern with prevalence 
rates ranging from 25 to 55 % amongst 
community- dwelling older adults [ 18 ,  23 – 25 ]. 
Fear of falling can strongly infl uence an elderly 
individual’s quality of life as it can lead to isola-
tion, depression, and poor satisfaction with life. 
Moreover, fear of falling itself has been shown 
to be a predictor of actually falling. The consen-
sus 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 something of a 
downward spiral for the individual in terms of 
their social and psychological life. The fear of 
experiencing another fall can lead the individual 
to restrict their social activities, possibly due to 
a decrease in confi dence about their abilities. 

This in turn can gradually lead to isolation, feel-
ings of loneliness, hopelessness, and potentially 
depression. What makes this pattern particularly 
unfortunate is that the social isolation stage may 
be the easiest point at which to affect change; 
however, it is frequently not reported or identi-
fi ed, which leads to much needless suffering for 
the individual.   

    Risk Factors for Falls 

 While it may be possible to determine the pre-
cipitating factor for a given fall, the actual 
underlying causes tend to be varied and com-
plex. Multiple risk factors have been identifi ed 
as contributors to the fall syndrome and accord-
ingly, the list is highly heterogeneous including 
such things as age-associated changes, sensory 
impairments, muscular weakness, co-morbidi-
ties, cardiovascular mediated problems, poly-
pharmacy, and environmental hazards, among 
others [ 8 ,  26 ,  27 ]. The most accepted classifi ca-
tion of falls is based on whether risk factors are 
related to an extrinsic hazard or due to an intrin-
sic disorder [ 17 ,  28 ]. 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 disor-
ders, muscle weakness, orthopaedic problems, 
sensory impairment, or a neurally-mediated car-
diovascular disorder such as postural hypoten-
sion 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 combination of intrinsic and 
extrinsic factors [ 29 ]. 

 Previous studies showed that the risk of fall-
ing increases consistently as the number of risk 
factors increase. While 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 
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aggregation of risk factors into four categories 
related to potential interventions. These catego-
ries are the following: neuromuscular problems, 
medical problems, cardiovascular problems, 
and environmental problems. Table  10.2  lists 
these domains as well as their proposed risk fac-
tors, assessment measures and tests, and some 
potential interventions appropriate for each giv-
ing disorder. One important precipitator of falls 
is medications, which are included under medi-
cal problems. While there are inherent diffi cul-
ties in studying the role of medications as a risk 
factor for falls, there already exists strong evi-
dence that both the type and class of medica-
tions, in particular psychotropics, sedatives, and 
vasodilators, and the sheer number of medica-
tions taken can be important causes of falls in 
older adults [ 23 ,  31 – 33 ].

       Mechanism and Pathophysiology 
of Falls 

    Basis of Posture Control 

 The human upright position is naturally unsta-
ble due to a narrow base of support with a high 
center of body mass. To maintain this delicate 
equilibrium while walking or standing the 
human body has a harmonious modulation of 
trunk/ankle fl exibility. This equilibrium modu-
lation is challenged by motor impairments 
(either weakness, slowness or poor coordina-
tion) that increases the risk of falling under 
physiological perturbations (e.g. body sway 
during standing or walking) or after an extrinsic 
destabilizing factors (e.g. during tripping). The 
rapid succession of strategies aimed at preserv-
ing body stability after a perturbation included 
fi rst the “ankle strategy”, a motor plan charac-
terized by the release of trunk muscles and stiff-
ening of the ankle joint [ 34 – 37 ]. When the 
perturbation is more severe and the ankle strat-
egy is not effi cient enough, the second motor 
plan is the “stepping strategy”, during which the 
ankle joint is released and the subject performs 
one or more steps to enlarge the base of support. 

If these motor acts fail to preserve stability, the 
upper limbs play a major role in performing res-
cue strategies (e.g. holding on some support) or 
protective reactions (limiting the traumatic con-
sequence of falling when it cannot be avoided). 
This model explains the pathophysiological link 
between trunk infl exibility (worsened by rigid-
ity or fear of falling ) and instability (i.e. ankle 
strategy), the mechanistic link between gait dis-
orders and falling (i.e. “stepping strategy”), the 
need for an adequate fl ow of information 
through visual, vestibular and somatosensorial 
afferents, the need for attentive and executive 
resources to adapt to the environment and to the 
type of perturbation by rapidly switching from 
one strategy to the other. The motor determi-
nants of a frequent faller are characterized by a 
disorder of either the base of support or the cen-
ter of body mass [ 34 ]. A good study model of a 
“base of support” disorder is Parkinson’s 
Disease. Patients with Parkinson’s manifest dis-
orders of both the base of support and the center 
of body mass and therefore fall much more fre-
quently than elderly subjects. Additional ageing 
processes not strictly confi ned to the dopami-
nergic systems play a major role in the patho-
genesis of the axial impairment. Interestingly, in 
recent years, mild Parkinsonian signs have been 
recognized in elderly subjects without PD. 
These patients present features recognized as 
risk factors for falling, such as an almost exclu-
sive involvement of gait and postural stability as 
well as executive cognitive function. 

 Postural stability can be viewed as a strategy 
per se. As such, the central nervous system 
adapting to the environmental constrains should 
rapidly select the appropriate stabilizing strategy 
for each circumstance which evolves from pos-
tural perturbation, including a protective reac-
tion when fall cannot be avoided. Seniors with a 
higher rate of injuries show an impaired protec-
tive arm response during falling. The relevance 
of the protective arm response is also highlighted 
by the observation that elderly fallers with the 
 combined fractures of distal radius and hip have 
a better prognosis than the peers with isolated 
hip fracture.  
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     Table 10.2    Cause of falls according risk factor identifi cation and grouped regarding potential management based on 
observational and trial evidence   

 Domain assessed 
 Risk 
factor/disease 

 Level of 
evidence a   Screen/assessment  Management 

 Neuromuscular  Parkinsonism 
syndrome 

 Ia  Gait velocity test  1. Supervised 
programmes 
(structural gait 
retraining, balance, 
transfer and mobility 
interventions, 
progressive limb 
strengthening and 
fl exibility exercises) 

 Balance and gait 
problems 

 Ia  Get Up and Go  2. Provision of 
appropriate walking 
aids when needed 

 Lower extremity 
weakness 

 Ia  POMA  3. Vitamin D and 
calcium 
supplementation 

 Medical  Dizziness or 
vertigo 

 II  History and examination, incl. 
review of drugs, visual acuity 
assessment, echocardiograph, 
short Geriatric Depression Scale 

 1. Appropriate 
investigation and 
management of 
untreated medical 
problems 

 Visual 
impairment 

 Ib for cataracts, 
III for visual 
acuity 

 CAGE questionnaire  2. Review and 
modifi cation of 
psychotropic drugs, 
other culprit drugs, 
and polypharmacy. 
Alcohol counselling 
if indicated 

 Peripheral 
neuropathy 

 n/a  3. Optical correction 
by an optician or 
referral to an 
ophthalmologist 

 Psychoactive 
medication/
alcohol 

 Ia  4. Formal 
psychogeriatric 
assessment 

 Hip problems or 
deformity 

 n/a 

 Cognitive 
problems or 
depression 

 III 

 Environmental  Environmental 
fall hazards 

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

 1. Home hazard 
modifi cation using 
standard protocol 

 Footwear  III  Check footwear  2. Advise to wear 
well-fi tting shoes of 
low heel height and 
high surface contact 

 Multifocal 
eyeglasses 

 II  3. Avoid multifocal 
eyeglasses while 
walking 
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Table 10.2 (continued)

 Domain assessed 
 Risk 
factor/disease 

 Level of 
evidence a   Screen/assessment  Management 

 Cardiovascular  Orthostatic 
hypotension 

 Ia  Cardiac evaluation including 
heart rate, morning orthostatic 
blood pressure, and carotid sinus 
massage supine and tilted 
upright, prolonged head-up tilt, 
if indicated 

 1. Advice on 
avoiding precipitants 
and modifi cation of 
drugs 

 Postprandial 
hypotension 

 Ib  2. Postural 
hypotension: 
compression 
hosiery, 
fl udrocortisone, or 
midodrine 

 Vasovagal 
syndrome 

 Ia  3. Cardioinhibitory 
carotid sinus 
hypersensitivity: 
permanent 
pacemaker 

 Carotid sinus 
hypersensitivity 

 Ib  4. Symptomatic 
vasodepressor 
carotid sinus 
hypersensitivity or 
vasovagal syncope: 
fl udrocortisone or 
midodrine 

   a Level of evidence based on reference [ 30 ] as following: class Ia, evidence from at least 2 randomized controlled trials; 
Ib, evidence from 1 randomized controlled trial or meta-analysis of randomized controlled trials; II, evidence from at 
least 1 nonrandomized controlled trial or quasi-experimental study; III, evidence from prospective cohort study; IV, 
based on expert committee opinion or clinical experience in absence of other evidence  

    Cognitive Aspects of Falls Risk 

 Although walking has long been considered a 
primarily automatic motor task, emerging evi-
dence suggests that this view is overly simplistic 
[ 39 ]. Walking in the real world requires paying 
attention to various environmental features and 
recovering from postural perturbations to avoid 
stumbles or falls. Therefore, it is not surprising 
that defi cits in attention and executive function 
processes are independently associated with risk 
of postural instability, impairment in activities of 
daily living, and future falls [ 40 ]. 

 The research on “dual-task walking”, i.e. the 
abilities to perform a secondary task simultaneous 
to walking, has been driven by the observation 
that the failure to maintain a conversation while 
walking (“stop walking when talking”) is a strong 
predictor of future falls [ 41 ]. Dual-task walking 
abilities worsen due to the impairment of automa-
ticity and attentional related cognitive resources. 

Even during standing, postural sway increases 
when a cognitive task is performed concurrently 
with a postural task, suggesting that constant 
dynamic control of postural adjustments during 
standing also requires certain level of cognitive 
attentional resources. Similarly, locomotion 
requires certain level of attention resources. 

 Even among healthy older adults with “nor-
mal” cognition, low performance in executive 
function was prospectively associated with falls 
[ 42 ]. A systematic review and meta-analysis 
found that executive dysfunction was associated 
with 1.44 times increased risk for any fall and 
falls associated with serious injury [ 16 ]. 

 In patients with neurological overt disease, 
such as stroke, Parkinson’s Disease or dementia 
syndromes, their gait deteriorates even more dur-
ing dual tasking [ 43 – 45 ]. The involvement of 
cognitive control in normal gait could explain 
why falls are so common in patients with cogni-
tive impairment and dementia and why they are 
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susceptible to fall while multitasking. Daily life 
activities involve many attention demanding 
events which explain the high occurrence of fall-
ing while performing a secondary attentional 
demanding task. 

 Finally, additional evidence for the role evi-
dence for the role of attention defi cits in postural 
control come from the side effects of drugs 
impairing cognition. On the other hand, cognitive 
enhancers, including donepezil, which are usu-
ally used for the treatment of dementia, has been 
found to signifi cantly reduce falls rather than 
near-falls in patients with PD with cognitive 
impairment, thus indicating that the drug did not 
improve stability, but rather cognitive resources. 
Similarly, cognitive enhancers have improved 
gait and mobility in people with AD [ 46 ,  47 ].   

    Risk Identifi cation for Falls 

    Falls Classifi cation and the Value 
of Gait Performance 

 Falls can be classifi ed in a number of diverse 
ways including by their number (single fall vs. 
multiple falls); whether or not an injury was sus-
tained (injurious falls vs. non-injurious falls); and 
what risk factors may have been involved (intrin-
sic vs. extrinsic factors). The traditional classifi -
cation, based on the presence of intrinsic and 
extrinsic factors, has been validated and widely 
accepted [ 28 ]; however, to attribute a fall solely 
to an to an extrinsic factor is 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 sepa-
rate 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 and have a profound 
impact on health and quality of life [ 23 ,  48 – 50 ]. 
A number of disorders associated to the aging 
process affect mobility and gait in older persons: 
loss of muscle mass and strength, also known as 
sarcopenia, decrease in visual acuity, impairment 
in proprioception and nerve conduction with loss 
of the defence refl exes, to list a few. In addition to 
these age-related changes, many chronic diseases 
and conditions, including arthritis, neurological 
problems, and cardiac and respiratory conditions, 
have marked effects on gait and balance [ 51 ,  52 ]. 
More frequent factors that can affect gait perfor-
mance in older persons include muscle weakness, 
chronic pain, reduced joint mobility and impaired 
central nervous system processing [ 48 ]. 

 Gait performance is a complex task that 
depends on the normal functioning of multiple 
systems working in a highly coordinated and inte-
grated manner [ 48 ,  53 ]. As impairments in differ-
ent domains can alter this delicate system, it has 
been hypothesized that different chronic condi-
tions such as visual or hearing problems, muscular 
weakness, osteoarthritis, or peripheral neuropathy 
could be evidenced through gait performance [ 53 ]. 
In addition, certain psychotropic medications such 
as benzodiazepines and neuroleptics, which have 
central nervous system action, may also affect gait 
performance. Therefore, gait performance can be 
seen as a common pathway affected by 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 falls in older 
adults [ 6 ,  48 ,  53 ,  54 ]. 

 In clinical practice, 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 in order to establish the potential cause 
of the gait impairment. The identifi cation of these 
major contributors will allow the formulating of 
an operational diagnosis for the individual’s gait 
problem and, in turn provide further information 
on which to base a therapeutic plan. 

 Clinical observation is suffi cient to detect gait 
problems in the majority of the older adults, so for-
mal testing in a gait laboratory is not  necessary. 
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However, gait high- tech analysis might be useful 
in particular cases, or for developing specifi c reha-
bilitation strategies, measuring changes in gait 
quantitative markers, and for research purposes. A 
focussed and careful clinical observation of the 
gait performance can detect subtle abnormalities, 
underlying impairments, and the pathologic pro-
cess involved. Table  10.3  describes some of the 
common causes of falls and gait problems in older 
adults and their relation to performance based 
evaluation. Operationally, the underlying impair-
ments on gait can be grouped into three major 
hierarchical categories based on the sensorimotor 
level involved, as outlined in Table  10.4 . Nutt and 
Alexander have proposed this classifi cation of gait 
disorder in the elderly based on sensorimotor lev-
els coining the term “lower-level gait disorders” to 
refer to an altered gait that is a result of lower 
extremity problems or peripheral dysfunction [ 48 , 
 55 ]. This impairment can be attributed to joint and/
or muscular problem as well to a peripheral ner-
vous disease. Lower extremity motor problems are 
prevalent in older adults and can lead to compen-
satory changes in gait as a result of chronic pain, 
joint and foot deformities, or focal muscle weak-
ness. Using this approach, Hough and colleagues 
have found that at least 50 % of ambulatory elderly 
seeking a consultation for gait impairment have 
joint or muscle problems in the lower limbs [ 56 ]. 
A systematic review of the literature found that 
lower limb muscle weakness is signifi cantly asso-
ciated with falls and subsequent disability in older 
adults [ 57 ].

    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 
disturbances due to Parkinson’s disease or due to 
spasticity secondary to hemiplegia. However, at 
the high sensorimotor level, gait characteristic 
become less specifi c, cognitive dysfunction, atten-
tional problems, and fear of falling become more 
prominent features. This category includes “fron-
tal gait” problems, “ignition gait” disturbances, 
and the “cautious gait” due to 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 neu-
rology clinic, the cause of the gait disturbance was 
frequently “unknown”, even after neuroimaging, 
in about 10–20 % of older adults with a disturbed 
gait [ 50 ]. In a study of the “oldest old”, whose ages 
ranged from 87 to 97 years, Bloem and colleagues 
observed that about 20 % of those studied had a 
normal gait, 69 % had a gait disorder due to known 
disease, and about 11 % of the subjects had an 
idiopathic “senile gait disorder,” that is to say a 
gait disorder of unknown origin [ 49 ]. Interestingly, 
those subjects with a gait disorder of unknown ori-
gin had a higher risk of falls, fractures, hospitaliza-
tions and mortality after a 2–3 year follow up 
period, compared to a group of age-matched sub-
jects with a normal gait [ 54 ,  58 ]. 

 An additional value of gait assessment is to help 
rule out cardiovascular contributors to falls. It has 
been postulated that falls secondary to neurally- 
mediated cardiovascular causes may be expressed 
by a different mechanism, without necessarily 
chronically affecting gait performance [ 54 ,  59 ]. 
Although the exact mechanism by which a neu-
rally-mediated cardiovascular problem causes a 
fall remains unclear, there is growing clinical 
 evidence for its association with unexplained falls 
[ 60 ]. Therefore, the absence of gait problems in 

   Table 10.3    Common causes of falls and abnormal 
mobility and gait in older adults in relation to performance 
based evaluation   

 Symptom  Potential cause 

 Diffi culty rising from a chair  Weakness 

 Osteoarthritis 

 Instability on fi rst standing  Hypotension 

 Weakness 

 Instability with eyes closed  Problems related to 
proprioception 

 Decreased step height/length  Parkinsonism 

 Frontal lobe disease 

 Fear of falling 
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    Table 10.4    Common cause of gait disorder in older people according the hierarchic level   

 Level  Defi cit/condition  Gait characteristic 

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

 Unsteady, uncoordinated (especially without visual 
input) 

 Peripheral motor defi cit due to hip problems  Avoids weight bearing on affected side 

 Arthritis (antalgic gait, joint deformity)  Painful knee fl exed 

 Painful spine produces short slow steps and decreased 
lumbar lordosis, kyphosis and ankylosing spondylosis 
produce stooped posture 

 Peripheral motor defi cit due to myopathic and 
neuropathic conditions (weakness) 

 Proximal motor neuropathy produces waddling and 
foot slap 

 Distal motor neuropathy produces distal weakness 

 Middle  Spasticity from hemipeligia, hemiparisis  Leg swings outward and in a semi-circle from hip 
(circumduction) 

 Spasticity from paraplegia, paresis  Circumduction of both legs; steps are short, shuffl ing, 
and scraping 

 Parkinsonianism  Small shuffl ing steps, hesitation, acceleration 
(festination), falling forward (propulsion) 

 Cerebral ataxia  Wide-based gait with increased trunk sway, irregular 
stepping 

 High  Cautious gait  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 

 Ignition Failure  Frontal gait disorder: diffi culty initiating gait; short, 
shuffl ing gait, like Parkinsonian, but with a wider 
base, upright posture, and arm swing presence 

  Source: Adapted with permission from Nutt et al. [ 55 ] and Alexander [ 48 ]  

older adults with recurrent falls, should be aware of 
cardiovascular causes in those individuals [ 61 ].  

    Dual-Task Gait Assessments 

 As explained above, dual-task gait has been pro-
posed and used as an instrument to detect the role 
of cognitive defi cits in gross motor performance, 
gait stability and navigation, and in falls risk. 
Specifi cally, dual-task gait performance isolates 
the role of attention and executive function defi cits 
in the regulation of brain gait control [ 43 ,  44 ,  62 ]. 
Emerging evidence is suggesting that “dual-task 
gait” can help to identify risk of falls [ 62 ]. During 
the dual-task gait test, the individual performs an 
attention-demanding task while walking to assess 
any modifi cations, compared to the reference, single 
task condition, in either the cognitive or the walk-
ing subtasks [ 63 ]. The underlying hypothesis is 

that two simultaneously performed tasks interfere 
and compete for brain cortical resources [ 40 ]. 
Therefore, dual-task gait can act as a stress test to 
the brain to detect impeding mobility problems 
and risk of fall. Gait modifi cations during dual-
tasking (also known as dual- task costs), such as 
slowing of gait, are interpreted as the increased 
cost of involvement of cortical attention processes 
while walking. The role of dual-task costs as a 
marker of future falls has been evaluated with 
mixed results in the literature due to the heteroge-
neity of studies, small sample sizes, limited pro-
spective fall ascertainment, and the lack of 
standardization in dual-task procedures [ 64 ]. 
Although clinically meaningful cut off values of 
dual-task costs for predicting falls are still contro-
versial and other unanswered questions remain, a 
growing body of evidence supports the potential 
clinical utility of this paradigm for falls prediction: 
it is neither costly nor invasive, can easily be 
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implemented, and provides a valid and sensitive 
means of assessing motor- cognitive interactions 
and fall risk. Based on recent studies, a dual-task 
cost higher than 20 % may denote individuals at 
higher risk of falls when they sustain a gait veloc-
ity of 95 cm/s or faster, highlighting the sensitivity 
and predictive ability in older adults who have a 
relatively normal gait velocity [ 65 ].   

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

 Falls are highly prevalent across the older pop-
ulation; consequently, screening strategies 
have been developed and a systematic approach 
has been recommended as summarized in 
Fig.  10.2  [ 17 ].

Screening: 
1. Two or more falls
in last year?  
2. Presents with
acute fall?  
3. Difficulty with
walking or balance? No

Reassess
Periodically 

Gait/
balance

problems

Check for gait/balance
problems

No
Problem

Fall Evaluation

Patient
presents

to medical
facility
after

    a fall     

Assessment:
History

Medications
Vision

Gait and balance
Lower Limb joints

Neurological
Cardiovascular

Multifactorial intervention
(as appropriate)

Gait, balance, & exercise programs
Medication modification

Postural hypotension treatment
Environmental hazard modification
Cardiovascular disorder treatment

Yes

NoYes

Does the patient report a
single fall in the last year? 

  Fig. 10.2    American Geriatrics Society, British Geriatrics 
Society, and American Academy of Orthopaedic Surgeons 
approach to falls (Source: Adapted from Summary of the 
Updated American Geriatrics Society/British Geriatrics 

Society clinical practice guideline for prevention of falls 
in older persons. Panel on Prevention of Falls in Older 
Persons, American Geriatrics Society and British 
Geriatrics Society [ 17 ]. Used with permission of Wiley)       
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   We propose a modifi ed approach that is sum-
marized in Fig.  10.3 . First, a comprehensive anam-
nesis which includes ascertaining a history of 
previous falls since this is the most important pre-
dictor for future falls, should be taken. For patients 
who present with a positive history of falls during 
the past year, a complete and comprehensive fall 
evaluation is needed since they sustain a probabil-
ity of future falls of 35–65 %. The evaluation 
should include an assessment of balance and gait, 
vision acuity, and documentation of medication 
history. This triad is considered to be of high pre-
dictive value for detecting older adults at a higher 
risk for falls in the community [ 17 ]. In addition, 
review of basic and instrumental activities of daily 
living, cognition, and home environmental haz-
ards is recommended [ 66 ]. Table  10.2  summarizes 
the domains needed to be assessed in individuals 
with a history of falls.

   For 10–20 % of individuals who have fallen are 
related to a haemodynamic episode such as pos-
tural hypotension and vasovagal syncope, there-

fore these entities should also be considered [ 59 ]. 
Information regarding the circumstances of the 
falls is necessary in order to detect if “medical or 
environmental patterns”. For instance, falls after 
taking certain medications or in specifi c places of 
the house may lead to the identifi cation of associ-
ated drugs (e.g. diuretics, vasodilators, and ben-
zodiazepines) or environmental factors that may 
have contributed to the fall (e.g. a loose carpet, poor 
lighting, or a displaced piece of furniture). 

 On the other hand, older individuals who have 
not already fallen sustain a probability of a fall in 
the upcoming year from 19 to 36 %. When there 
is a negative history of falls, gait and balance eval-
uation is considered to be the more important part 
of the assessment mainly because in longitudinal 
studies, they more frequently predicted future 
falls than other domains, suggesting that gait and 
balance assessment should remain a mainstay of 
screening [ 17 ,  26 ,  48 ,  53 ,  67 ]. 

 Gait can be assessed from either a quantitative 
or qualitative perspective. Several tests have been 

Look for
1-CV problems

2-Visual Problems 

Cardiovascular
Postural hypotension
Visual
Medication       

Treatment
Treatment
Treatment
Modification 

Fall assessment and risk of fracture

Yes

Is a gait disorder present?

1-Determine the
level: low-middle-high

2: Check environment and
medications  

No

Gait & balance
Environment
Medications
VitaminD deficit  

Exercises
Modification
Modification
Supplementation 

e.g.: Gait velocity test

Level of Gait
problem 

  Fig. 10.3    Proposed approach to analyze falls in person with unexplained falls (Source: adapted with permission from 
Montero-Odasso et al. [ 63 ])       
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validated that assess gait performance in older 
adults, however, as is common with most tests, 
each has its own set of advantages and disadvan-
tages. The majority of the tests in use today have 
evolved from a test fi rst described by Mathias and 
Isaacs, namely the “Get Up and Go Test” [ 68 ]. 
Briefl y, the “Get Up and Go” consists of rising 
from a chair, walking 3 meters, turning around, 
walking back to the start point, and sitting down 
again. A timed version, “Timed Up and Go,” has 
been validated and widely adopted. [ 69 ]. Since 
TUG was initially created to evaluate frail older 
adults, high functioning people generally perform 
well on the task which introduces a ceiling effect 
[ 70 ]. Therefore, for these individuals a cut-off time 
of 12 s has been proposed to detect those vulnera-
ble to suffer future falls [ 71 ]. More complex tests 
such as the “Performed Oriented Mobility 
Assessment” (POMA) test and the “Berg Balance 
Scale” have been described and validated for 
assessing risk of falling in different scenarios [ 72 –
 74 ]. Gait evaluation in the POMA assesses the fol-
lowing nine components: initiation of gait, step 
height and length, step symmetry and continuity, 
path deviation, trunk stability, walking stance, and 
turning while walking [ 74 ]. Each component is 
scored as 1 (normal) or 0 (abnormal) providing a 
fi nal score, which ranged from 0 to 12, with a 
higher score indicating a better gait performance. 

 A powerful test that can be used in different set-
tings is the gait velocity test. This test has been 
demonstrated to be sensitive for detecting mobility 
impairment and a strong predictor of 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 
[ 53 ] with the participants being instructed to “walk 
at a comfortable and secure pace”. The only limi-
tation of the gait velocity test appears when it is 
tested in older people using assistive devices. In 
this situation, changes in functionality may show 
less effect on gait velocity [ 70 ]. 

 The proper gait and balance test needs to be 
selected in regard to the population being assessed. 
For instance, in long-term care facilities or when 
evaluating frail older adults with poor functional-
ity, the “Get Up and Go” test may provide good 

discrimination for detecting those at risk. For 
higher functioning older adults, such as older per-
sons without disability, a more continuous mea-
surement 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 the hierarchical classifi cation (Table  10.4 ) or 
using an established quantitative protocol such as 
that of the POMA test. 

 Gait velocity tests may serve as an initial step in 
the approach and different cut-off points for detect-
ing individuals at high risk of falls can be estab-
lished according to the population evaluated. For 
example, it has been suggested that a gait velocity 
cut off of 1 m/s in community elderly without dis-
ability, 0.8 m/s in older persons with disabilities, 
and 0.6 m/s in older persons living in nursing 
homes are strong predictors of falls [ 48 ,  53 ,  54 ]. 
The role of dual-task gait test to predict falls seems 
to be important in those with gait velocity over 
1 m/s or when the subtle cognitive impairment is 
suspected to affect motor control. 

 Finally, assessments of the risk of injuries due 
to falls should be performed. Specifi cally, the 
identifi cation of those at risk of falls in the fi rst 
step should prompt the assessment of risk of frac-
ture. The more important factors for fracture risk 
are the history of previous osteoporosis fracture; 
the use of psychotropic medication, the presences 
of cognitive impairment, and presence of sarco-
penia and impaired mobility [ 75 ]. This stepped 
approach is summarised in Fig.  10.3 . Once 
assessment is completed and risk categorisation 
determined, appropriate and focussed strategies 
and interventions can be instituted.  

    Conclusions 

 Falls and fractures represent an important and 
sometimes neglected feature in older adults. A 
systematic approach based on clinical assess-
ment and performed based measurements or 
using 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. 

 Older adults with previous falls need to 
have a comprehensive evaluation addressing 
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all the potential factors previously described. 
Gait and balance is the domain that will yield 
more information for falls risk in those with-
out history of falls. There is no evidence that 
the remaining domains (orthostatic hypoten-
sion, visual impairment, medication review, 
activities of daily living, and cognitive impair-
ment) should be screened in older adults with-
out history of falls if the only purpose is to 
determine risk of falling [ 66 ]. These domains 
were less frequently, or not at all, indepen-
dently associated with falls in comprehensive 
longitudinal studies. If previous history of 
falls is present, a comprehensive evaluation 
is needed as described in Table  10.2 . Certain 
cognitive aspects including attention and 
executive function need to be part of the fall 
risk evaluation. 

 Based on the defi cits and impairments 
detected on evaluation, a logical treatment 
should emerge that involves a combination of 
medical, rehabilitative, environmental and 
psychosocial interventions.     
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      Non-pharmacological Treatments 
for Falls and Fractures                     

     Stephen     R.     Lord      ,     Jacqueline     C.  T.     Close      , 
and     Catherine     Sherrington     

      There is strong evidence to support interventions 
in the prevention of falls in older people. Strategies 
shown to successfully reduce falls in randomized 
controlled trials include exercise including bal-
ance training, occupational therapy interventions 
incorporating education and home hazard modifi -
cation, enhanced podiatry, restriction of multifocal 
glasses use, psychotropic medication withdrawal, 
expedited cataract extraction, cardiac pacing for 
carotid sinus hypersensitivity and targeted multi-
factorial interventions. As most fractures result 
from falls where the force exerted on a weakened 
skeleton is suffi cient to break a bone, fall preven-
tion strategies also have direct implications for 
fracture prevention. 

 There continues to be a rapid growth in studies 
testing the impact of fall prevention interven-
tions. It has become evident that interventions 
need to be specifi c to the target population and 
setting and based on a sound knowledge of the 
evidence base. If applied to the wrong popula-
tion, it appears some interventions can actually 
increase risk of falling. As with any intervention, 
attention to adherence is also important. 
Prescription of effective fall prevention interven-
tions that are not received cannot have the 
intended impact. Some trials in residential aged 
care settings have found that hip protectors, if 
worn, prevent hip fractures. However, poor com-
pliance is a major issue limiting the effectiveness 
of this intervention. 

 This chapter describes and discusses the non- 
pharmacological approaches to the prevention of 
falls and fall related injuries in older people, and 
emphasises the strategies shown to be effective in 
a range of population groups. 

    Exercise 

 Exercise is a thoroughly evaluated approach to 
fall prevention and has been shown to be success-
ful as a single intervention strategy in community 
dwelling people and also effective in residential 
aged care facilities when part of multifactorial 
interventions [ 1 ,  2 ]. Exercise covers a wide range 
of physical tasks (balance, strength, fl exibility 
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etc.) delivered in numerous formats. While there 
are many health and social benefi ts from a range 
of exercise regimes, systematic review evidence 
indicates balance training impacts most signifi -
cantly on fall rates [ 3 ]. 

    Home-Based Exercise Programs 

 The Otago Exercise Programme comprises 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 randomised con-
trolled trials (RCTs). In the original study, among 
women aged over 80 years [ 4 ], there was a sig-
nifi cant reduction in falls over a 12-month period 
(between group difference = 0.47, 95 % 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 fall 
rates remained signifi cant (Relative Risk 
(RR) = 0.69, 95 % CI = 0.49–0.97 [ 5 ]. 

 Further evaluation of the Otago Exercise 
Programme was undertaken in an RCT with 
community- dwelling older people, but this time 
the program was delivered by a community nurse 
trained by a physiotherapist [ 6 ]. In a controlled 
trial it was also repeated in routine health care 
settings [ 6 ]. 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 Programme demonstrated that maximum 
benefi ts are achieved by targeting people aged 80 
years and over and those with a history of falls [ 7 ]. 
The meta-analysis also showed that fall-related 
injuries were reduced by 35 % (IRR = 0.65, 95 % 
CI = 0.53–0.81). 

 A recent trial found that home exercises can be 
successfully incorporated in an older person’s 
daily routine and can prevent falls when delivered 
this way [ 8 ]. For example, participants were asked 
to practice standing on one leg while waiting for 
the jug to boil and to practice knee bends while 

putting out the washing. This program led to a 
31 % reduction in falls compared to a sham gentle 
exercise program (IRR 0.69, 95 % CI 0.48–0.99). 

 Reduced muscle strength is an important risk 
factor for falls but the role of strength training as a 
single intervention in fall prevention is less clear. 
In a well-designed and executed RCT of older 
people recently discharged from hospital [ 9 ], 
seated quadriceps strengthening exercises failed to 
reduce fall rates and was associated with a signifi -
cant risk of musculoskeletal injury (RR = 3.6, 95 % 
CI = 1.5–8.0). However many successful exercise 
programs have included a strength training com-
ponent in addition to balance training [ 1 ].  

    Group Exercise Programs 

 Several studies have demonstrated the effective-
ness of a group exercise approach to fall preven-
tion. This is an encouraging fi nding as many older 
people enjoy the social interaction and opportunity 
to leave the home that a group exercise program 
offers. Group exercises may be individualized and 
tailored to the needs of the older person or general-
ized to all participants undertaking the same exer-
cises at the same intensity. Not all programs are 
progressed over time, which may limit the benefi ts 
of exercise. A range of exercise programs have 
been tested in clinical trials in a number of settings 
and have targeted populations ranging from fi t/
healthy to frailer people. 

 Several studies have found that group exercise 
programs that combine balance, strength, and func-
tional components can prevent falls [ 10 – 16 ]. Most 
have been individually tailored and progressive and 
many include supplementary home exercises. For 
example, Skelton et al. [ 10 ] 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). Similarly, Barnett et al. 
found that group-based balance and strength exer-
cises signifi cantly reduced falls in community-
dwelling people (IRR = 0.60, 95 % CI = 0.36–0.99) 
[ 11 ]. A cluster randomised trial targeting residents 
of retirement villages and hostels tested a 12-month 
group exercise program designed to address fall 
risk factors and improve physical functioning [ 12 ]. 
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This intervention resulted in an 18 % reduction in 
falls in the intervention compared to the control 
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. [ 15 ], 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 population that had not been involved in 
strenuous activity in the previous 3 months [ 16 ] 
also showed reduced fall rates after adjustments 
for covariates (RR = 0.46, 95 % CI = 0.26–0.8). 
Wolf et al. also used a cluster randomised trial of 
congregate living facilities to target more impaired 
older adults with a 48 week Tai Chi program [ 17 ]. 
Within this selected population, there was no sig-
nifi cant reduction in falls, but a trend towards 
improvement (RR = 0.75, 95 % CI = 0.52–1.08). It 
seems that this population was unable to ade-
quately perform the exercises to obtain the same 
level of benefi t gained by the younger, fi tter par-
ticipants in the other Tai Chi trials. 

 There have also been a number of trials that 
have failed to show benefi ts of exercise in pre-
venting falls [ 18 – 23 ]. Comparisons with success-
ful trials suggest that this may be due to low 
adherence to interventions, exercises being insuf-
fi ciently challenging to balance, or a failure to 
progress exercise over time.  

    Exercise in High-Risk Populations 

 Recent studies have questioned the utility of exer-
cise as a single intervention in certain very high-
risk populations. This is in contrast to the fi ndings 
in the general community-dwelling population 
where it is clear that exercise as a single interven-
tion can prevent falls. In recent trials an exercise 
program similar to the Otago Programme failed to 
prevent falls in long-term stroke survivors [ 24 ] or 
in frail older people [ 25 ]. A home based exercise 
program signifi cantly increased falls in older peo-
ple recently discharged from hospitals (IRR = 1.43, 
95 % CI 1.07–1.93) [ 26 ]. This area requires fur-
ther investigation but it seems that other interven-
tions may be needed to prevent falls in people 
with these more complex conditions.  

    Exercise for Preventing Fractures 

 As most fractures involve a fall it is likely that 
fall prevention interventions can also prevent 
fractures. No single trial undertaken to date has 
been large enough to examine the impact of 
exercise as a single intervention on fall-related 
fractures. However there is mounting systematic 
review evidence that exercise can prevent frac-
tures. For example El-Khoury et al. [ 27 ] con-
ducted a systematic review and meta-analysis of 
17 trials involving 4305 participants and found 
that exercise signifi cantly reduced: all injurious 
falls, RR = 0.63 (0.51–0.77 – 10 trials); falls 
requiring medical care, RR = 0.70 (0.54–0.92, 8 
trials); serious injuries, RR = 0.57 (0.36 to 0.90, 7 
trials) and falls resulting in fractures, RR = 0.39 
(0.22–0.66, 6 trials).   

    Interventions to Improve Vision 

 As visual loss is often correctable or modifi able 
in older people [ 28 – 30 ], simple intervention 
strategies such as regular eye examinations, use 
of correct prescription 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 multifocal glasses 
have been identifi ed as a risk factor for falls in 
community-dwelling older people [ 31 ], and par-
ticularly so in higher-risk situations such as nego-
tiating stairs and walking outside the home. 

 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 [ 32 ] examined the effi cacy of cata-
ract surgery on the fi rst eye. Participants were ran-
domised to either expedited (approximately 4 
weeks) or routine (12 months wait) surgery. Vision, 
visual disability, physical activity levels, anxiety, 
depression and balance confi dence improved sig-
nifi 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 
were few – four participants in the operated group 
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(3 %) and 12 (8 %) in the control group – this trial 
also demonstrated that an intervention to remove 
cataracts 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 measur-
ing associated health gains [ 33 ]. Two hundred 
and thirty nine women over 70, who had been 
referred to a hospital ophthalmology department 
with one un-operated cataract, were randomized 
to either expedited (approximately 4 weeks) or 
routine (12 months wait) surgery. Visual function 
(especially stereopsis), confi dence, visual dis-
ability and handicap all improved in the operated 
compared with the control group. Over the 1-year 
prospective period, the rate of falls was reduced 
by 32 % in the operated group, although this was 
a non-signifi cant reduction, likely due to reduced 
power from the smaller sample size. 

 In recent complementary research, one longi-
tudinal population study examined over 28,000 
hospital records for participants who had received 
cataract surgery and found that the rate of hospi-
tal admissions for fall-related injuries increased 
in the 2 years following surgery to each eye [ 34 ]. 
It is worth noting, however, that this is in com-
parison to their fall rate before surgery and not in 
comparison to a control group. In contrast, a pop-
ulation study conducted in the USA that exam-
ined over one million records including those 
who did and those who did not receive cataract 
surgery, found that cataract surgery effectively 
reduced the rate of falls [ 35 ]. 

 Three randomized controlled trials have eval-
uated the effi cacy of other visual interventions in 
preventing falls [ 14 ,  36 ,  37 ]. The fi rst involved 
1090 people 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 [ 14 ]. 
The visual improvement intervention comprised 
a referral to the participant’s usual eye-care pro-
vider if the participant had impaired vision (poor 
visual acuity, decreased stereopsis and/or 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 assess-

ment results. Those randomized to the visual 
intervention had an estimated reduction of 4.4 % 
in the annual fall rate (rate ratio for time to fi rst 
fall = 0.89, 95 % CI = 0.75–1.04), a difference 
which did not reach statistical signifi cance. 

 The second trial was conducted in a group of 
616 community-dwellers aged 70 years and over 
who were randomized to either an intervention 
group or a control group and prospectively fol-
lowed up for falls for 12 months [ 36 ]. Forty- four 
percent of the intervention group received vision- 
related treatments, most often a new pair of glasses 
(n = 92). During the follow-up period, partici-
pants in the intervention group reported signifi -
cantly more falls than those in the control group 
(RR = 1.57, 95 % CI = 1.20–2.95). The authors 
concluded that the intervention participants might 
have required more time to adapt to their new 
glasses that often contained signifi cantly altered 
prescriptions or that they adopted more risk-taking 
activities (thus increasing the exposure to falls) 
subsequent to their vision improvement. 

 The third intervention aimed to limit the use of 
multifocal glasses, rather than updating glasses to 
a correct prescription [ 37 ]. This randomized con-
trolled trial, involving 606 older people and 13 
months follow-up, assessed whether the provision 
of single-lens distance glasses to older multifocal 
glasses wearers reduced falls. The intervention 
was aimed at older multifocal glasses wearers at 
increased risk of falls (suffered a fall in past year 
or had a Timed Up and Go test >15 s). As multifo-
cal glasses have benefi ts for activities that require 
changes in focal length, including everyday tasks 
of driving, shopping and cooking, wearing single 
lens glasses was recommended primarily for out-
door activities. Overall, the intervention resulted in 
a non-signifi cant 8 % reduction in all falls: inci-
dence rate ratio (IRR) = 0.92 (95 % CI 0.73–1.16). 
The intervention was effective in preventing falls 
in people who more regularly undertook outside 
activities. In this group there were signifi cant 
reductions in all falls (IRR = 0.60, 95 % CI = 0.43–
0.85), falls outside the home (IRR = 0.61, 95 % 
CI = 0.42–0.87) and injurious falls (IRR = 0.62, 
95 % CI = 0.42–0.92). However, there was a sig-
nifi cant increase in outside falls in people who 
undertook little outside activity in the intervention 
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group (IRR = 1.56, 95 % CI = 1.11–2.19). These 
fi ndings suggest that, with appropriate counsel-
ling, compliance with the intervention was accept-
able and that the provision of single- lens glasses 
for older multifocal wearers who take part in regu-
lar outdoor activities can be an effective fall pre-
vention strategy. The intervention may be harmful, 
however, in multifocal wearers with low levels of 
outdoor activity.  

    Medication Use 

 Medications can both increase and decrease the 
risk of an older person falling. Studies under-
taken in both community and institutional set-
tings have consistently found strong associations 
between use of multiple medications and cen-
trally acting drugs (sedative/hypnotics, antide-
pressants and antipsychotics) and risk of falls 
[ 38 – 40 ]. Results of studies into use of antihyper-
tensive medications have been confl icting and 
have also highlighted the importance of examin-
ing drug class rather than grouping all antihyper-
tensive medications together [ 41 ]. In fact, there is 
preliminary evidence that some classes of antihy-
pertensive agents may be protective against falls 
[ 42 ,  43 ] but this requires further research before 
any fi rm conclusions can be drawn. 

 Given the link between centrally acting medi-
cations and fall risk, it could be expected that 
withdrawal of centrally acting medications would 
be of benefi t. In a factorial randomised controlled 
trial of gradual psychoactive medication with-
drawal and home-based exercise, Campbell et al. 
[ 44 ] found a signifi cant 65 % reduction in falls in 
the older community-dwelling women ran-
domised to the medication withdrawal arms of 
the study (relative hazard = 0.34, 95 % CI = 0.16–
0.74). However, there were considerable prob-
lems encountered in undertaking this study, 
which emphasize how diffi cult it is for older 
people to stop using psychoactive medications. 
First, it proved very diffi cult to recruit partici-
pants into the trial with 400 of the 493 (81 %) 
eligible participants declining participation. 
Further, of the 48 participants who agreed to par-
ticipate and were randomized to the psychoactive 

withdrawal programs, only 17 (35 %) completed 
the trial. Eight of the 17 participants who suc-
cessfully completed the trial also restarted psy-
choactive medications within 1 month of study 
completion. Given the diffi culties in undertaking 
this trial, it is clear that avoiding prescribing 
these drugs if possible would be a preferred 
approach. 

 Psychosocial treatments are effective in the 
treatment of anxiety, depression and sleep distur-
bances in older people and provide alternative or 
complementary approaches to the pharmacologi-
cal management of these conditions. Simple 
behavioural and environmental interventions and 
the prescription of exercise also offer additional 
means of enhancing sleep quality in this group 
and may enhance mood [ 45 ] without the increase 
in falls that might come with drug therapy. 

 There is evidence to support the use of vitamin 
D as a single intervention to reduce the risk and 
rate of falls in older people. The evidence is 
strongest for those identifi ed as being vitamin D 
defi cient [ 1 ] and those living in residential aged 
care facilities [ 2 ]. 

 Other approaches to enhanced medication 
review and management have been tested. Three 
trials involving medication review by a pharmacist 
(or nurse or geriatrician) but requiring implemen-
tation by participants' family physicians were not 
effective in reducing falls [ 1 ] However, an inten-
sive educational program for primary care physi-
cians that included academic detailing, fi nancial 
incentives and patient involvement, signifi cantly 
reduced risk of falling in older people under their 
care (RR 0.61, 95 % CI 0.41–0.91) [ 46 ].  

    Pacemaker Insertion for Treatment 
of Carotid Sinus Hypersensitivity 

 Studies indicate that the cardioinhibitory form of 
carotid sinus hypersensitivity (CSH), one factor 
underlying unexplained dizziness, drop attacks and 
syncope, may be responsible for a proportion of the 
unexplained falls in older people [ 47 ]. Prospective 
case–control studies have found that CSH (diag-
nosed by a 3 s period of asystole, a 50 mmHg drop 
in blood pressure or both following carotid sinus 
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massage) is present in one-third of patients 
admitted to hospital for fractured neck of femur 
[ 48 – 50 ]. 

 Three studies have evaluated the effi cacy of 
implantation of pacemakers as a fall prevention 
strategy for people with the cardioinhibitory form 
of CSH. Overall these studies indicate that inser-
tion of a dual chamber pacemaker is effective in 
reducing drop attacks and syncope and reducing 
fall frequency [ 51 – 53 ]. With signifi cant reductions 
in falls, the case is well made for appropriate car-
diovascular assessment including carotid sinus 
massage for those people with recurrent unex-
plained falls and syncope. However, the appli-
cability of these fi ndings beyond this group is 
questionable. The potential neurological complica-
tions should also not be overlooked and so informed 
consent is essential for this procedure [ 54 ].  

    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 and the interac-
tion between an older person’s physical abilities 
and their exposure to environmental stressors 
appears to be more important [ 55 ]. 

 Three studies have targeted interventions 
closely to at-risk groups. Cumming et al. [ 56 ] con-
ducted a study among 530 community- dwellers, most 
of whom had been recently hospitalised. The inter-
vention group received a home visit by an occupa-
tional therapist who assessed the home for 
environmental hazards and facilitated any neces-
sary 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 reduction in 
fall rates. Other aspects of the occupational therapy 
intervention, which included advice on footwear 
and behaviour, may have played an important role. 

 The Falls-HIT trial specifi cally addressed home 
modifi cations and reported a signifi cant reduction 
in falls [ 57 ]. This study involved 361 people with 
mobility limitations who had recently been dis-
charged from hospital. The intervention consisted 
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 (incidence rate 
ratio (IRR) = 0.69, 95 % CI = 0.51–0.97), with sub-
group analysis revealing 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 randomized controlled trial involved a 
factorial design in 391 community-dwelling people 
aged 75 year and over with visual acuity of 6/24 or 
worse 40 [ 58 ]. The participants received an occu-
pational therapy delivered home assessment and 
modifi cation program (n = 100), an exercise pro-
gram prescribed at home by a physiotherapist plus 
vitamin D supplementation (n = 97), both interven-
tions (n = 98), or social visits (n = 96). Fewer falls 
occurred in the group randomised 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 appears not to 
be an effective fall prevention strategy in the gen-
eral older population and those at low risk of falls 
[ 55 ,  56 ]. However, home hazard reduction is 
effective if targeted to older people with a history 
of falls and vision and mobility limitations [ 59 ]. 
The effectiveness of home safety interventions 
may depend on/be maximized by improved trans-
fer abilities or other behavioural changes. 
Environmental assessment and modifi cation by 
trained individuals also appears to contribute to 
the success of multi-faceted fall prevention pro-
grams in at-risk groups. Overcoming potential 
barriers to an individual’s adoption of home mod-
ifi cations such as education and fi nancial assis-
tance need to be considered and addressed.  

    Multifactorial Interventions 

 Multifactorial interventions involve identifying a 
range of risk factors associated with falls and inter-
ventions based on the identifi ed risk profi le. 
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Multifactorial interventions have been shown to be 
effective in a number of settings and in hospitals 
and residential aged care facilities, most effective 
fall interventions have been multifactorial. This is 
perhaps a refl ection of the complexity of these 
populations and the multiple risk factors present. 

 The fi rst successful evaluation of a multifacto-
rial intervention program conducted by Tinetti 
et al. was published in 1994 and used targeted risk 
factors as a means of identifying an at-risk popula-
tion and guiding intervention [ 60 ]. Interventions 
included: medication adjustment, behavioural 
change recommendations, education and training, 
and home exercise programs. During the one-year 
follow-up period, 47 % of the control group fell 
compared with only 35 % of the intervention 
group (p = 0.04). The adjusted incidence ratio for 
falling in the intervention group as compared with 
the control group was 0.69 (95 % CI = 0.52–0.90). 

 A large randomised trial of a multi-factorial 
fall prevention program undertaken by Wagner 
et al. [ 61 ] showed some benefi ts of targeted inter-
vention strategies. This study involved 1559 
members of a Health Maintenance Organisation. 
One group received a home-based assessment 
conducted by a nurse and follow-up interventions 
(targeting inadequate exercise, alcohol use, medi-
cation 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 experienced signifi cantly 
fewer falls than the usual care group over the fi rst 
year of follow-up. However, differences between 
the nurse assessment 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 fall 
risk factors. 

 Several fall prevention programs have used 
group education sessions. In a randomised 
trial involving 3182 independently-living Health 
Maintenance Organisation members aged 65 and 
over, Hornbrook et al. [ 62 ], found that a home 
assessment and advice on modifi cations followed 
by a group education, exercise and discussion 
 program, reduced falls by 11 %. Furthermore, 

Reinsch et al. [ 22 ] found that a general non- targeted 
education program involving classes on exercise, 
relaxation and health and safety topics was not 
effective in preventing falls among community- 
dwellers attending senior citizens centres. 

 There is some evidence of the effi cacy of home-
based health and disability screening for older 
people. While these programs have broader aims 
than reducing falls they can involve the identifi ca-
tion of risk factors for falling. Carpenter et al. [ 63 ] 
conducted a randomised trial involving 539 people 
aged 75 and over. The intervention group were vis-
ited and assessed by volunteers at regular inter-
vals. 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 
[ 64 ] found only a trend to a decreased fall rate fol-
lowing one screening visit by a physician’s assis-
tant or nurse and two follow- up visits by trained 
volunteers. Potential problems identifi ed by the 
screening tool were addressed with referral and/or 
advice. The screening visit was followed by a let-
ter outlining fi ndings and recommendations. 

 Patients presenting to the Emergency Depart-
ment represent an easily identifi able high risk 
population. A study by Close et al. [ 65 ] looked spe-
cifi cally at older people with a fall- related presenta-
tion to an Emergency Department. 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 com-
pared to usual care. Similar results have been 
reported by Davison et al. again highlighting the 
benefi ts of a multifaceted approach to intervention 
in Emergency Department attendees [ 66 ]. 

 As with any intervention it is important that 
fall prevention strategies that are indicated are 
actually received by individuals. This is high-
lighted in a trial by Elley et al. [ 67 ] which failed 
to prevent falls with a General Practice based 
program that involved screening for past falls and 
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a home-based individualised fall risk assessment 
by a nurse with referral to relevant community 
services. The authors suggest that the lack of 
effectiveness (IRR 0.96, 95 % CI 0.7–1.34) may 
have been due to the relatively poor uptake of the 
interventions.  

    Preventing Falls in Hospital 
Patients 

 Preventing falls in hospitals has become a high 
profi le safety and quality activity with many hos-
pitals now having policies, protocols and pro-
cesses aimed at reducing falls and harm associated 
with falls in the hospital setting. The evidence to 
support interventions to prevent falls in this set-
ting continues to evolve with the results of 17 tri-
als and 29,972 participants undertaken in the 
acute and subacute care settings reported in the 
most recent Cochrane review [ 2 ]. 

 Single, multifaceted and multifactorial interven-
tions have all been evaluated and the results suggest 
that preventing falls in hospital is most likely to be 
effective when there is a co-ordinated multidisci-
plinary approach taken and preferably where 
assessment and intervention is integrated into rou-
tine clinical care. Apart from exercise undertaken 
in the subacute/rehabilitation setting, other single 
approaches to intervention (education, provision of 
information, medication intervention or bed exit 
alarms) have largely been shown to be ineffective 
while one study evaluating the potential benefi ts of 
carpeted fl oors over vinyl fl oors found that this 
intervention actually increased fall rates [ 68 ]. 

 Four RCTs have evaluated the effects of multi-
factorial fall prevention programs in hospital set-
tings. Haines et al. [ 69 ] developed a targeted, 
multifactorial intervention fall prevention pro-
gram and evaluated this in an RCT among 626 
patients of three sub-acute wards in Australia. 
Interventions included a fall risk alert card with 
information brochure, an exercise program, an 
education program and hip protectors. Participants 
in the intervention group experienced 30 % fewer 
falls than participants in the control group; a dif-
ference that was signifi cant (P = 0.045) but not 
until after 45 days of observation. The results, 

whilst positive, have limited value when extrapo-
lating to acute and other  sub- acute settings where 
length of stay is considerably shorter. 

 Healy et al. conducted a cluster RCT in 
matched pairs of eight aged care wards and asso-
ciated community units of a district general hos-
pital in northern England [ 70 ]. 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 considered 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). 

 Stenvall et al. evaluated the effect of a change 
in approach to the model of service provision for 
older people who had suffered hip fractures [ 71 ]. 
Whilst the control group were cared for on an 
orthopaedic ward, the intervention group were 
cared for on a geriatric ward with staff who had 
undergone specifi c training both in comprehen-
sive geriatric assessment and management as 
well as care of a hip fracture benefi ts. There were 
a number of reported benefi ts of this approach 
including a reduction in falls. 

 One of the largest cluster RCTs to date in the 
hospital setting was by Cumming et al. The trial 
recruited 3999 patients across 12 acute and sub- 
acute hospitals in Australia [ 72 ]. The interven-
tion wards were provided with a research nurse 
and physiotherapist who provided risk assess-
ment of falls, education to staff and patients, 
exercise programmes, “up” alarms and advice on 
environmental modifi cations. The intervention 
failed to show any reduction in rate of falls when 
compared to the control group. It is possible that 
the addition of research staff hours to the ward 
took away both ownership and accountability for 
falls from the existing ward staff and as a result 
there was no change in practice ultimately 
embedded into the ward culture and practice. 

 More work is required with respect to prevent-
ing falls in hospitals although whether this is best 
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achieved using the traditional RCT approach is 
less clear. The application of high quality health 
care improvement methodologies with rigorous 
evaluation may be more likely to be effective and 
better refl ect the challenges of changing practice. 
Change management practices also need to 
involve a whole of hospital approach including 
visible senior executive support in organisations.  

    Preventing Falls in Aged Care 
Facility Residents 

 As fall risk is an important determining factor for 
fractures and other injuries in institutionalized 
older people, there is agreement that all residents 
of residential aged care facilities should be 
assessed for fall risk. Recently, Whitney et al. [ 73 ] 
devised and evaluated a fall risk screen that is 
easy to administer and contains items that are 
routinely collected in residential aged care facili-
ties (RACFs). They found that the tool was useful 
for identifying older people living in RACFs who 
were at increased risk of falls and provided impor-
tant information about risk factors amenable to 
intervention (impulsivity, medication use, poor 
balance). Risk of falling over a 6-month prospec-
tive period increased from 0 % in those with no 
risk factors to 100 % in those with 6+ risk factors. 

 The most recent Cochrane systematic review 
of interventions for preventing falls in older peo-
ple in nursing care facilities and hospitals [ 2 ] 
reported that multifactorial interventions provided 
by a multidisciplinary team reduced the rate of 
falls (RR 0.60, 95 % CI 0.51–0.72; 4 trials, 1651 
participants) in nursing care facilities. The review 
also concluded that there was evidence supporting 
the correction of vitamin D defi ciency as an effec-
tive intervention to prevent falls in this setting 
(RR 0.72, 95 % CI 0.55–0.95; 4 trials, 4512 par-
ticipants), but that the evidence for any benefi cial 
effects of exercise as a stand- alone fall prevention 
intervention in nursing care facilities is uncertain. 
There is also some evidence that medication 
reviews focused on evidence- based prescribing 
and minimization of use of benzodiazepines, 
other psychotropic  medications and medicines 
that contribute to a high drug burden index (i.e., 

those with anticholinergic or sedative proper-
ties [ 74 ]) can prevent falls in the RACF setting 
[ 75 – 77 ]. 

 The multifactorial interventions conducted to 
date have been quite varied with respect to their 
intervention content which may account for their 
differing effi cacy. While all have included multiple 
interventions some have focussed more on risk 
factors pertaining to the individual whereas others 
have focussed more on environmental modifi ca-
tions and staff education. Three examples of mul-
tifactorial interventions conducted in RACFs and 
their reported effi cacy are illustrated below. 

 Jensen et al. [ 78 ] conducted a cluster RCT 
among 439 residents of nine residential care facili-
ties in Sweden. An 11-week multidisciplinary pro-
gram of general and resident-specifi c tailored 
strategies signifi cantly reduced 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 protectors, having post-fall problem- solving 
conferences and guiding staff. A sub-group analy-
sis of this study showed that only people with a 
Mini-Mental State Examination Score of >18 ben-
efi ted from the intervention thus leaving open the 
question as to the value of intervention in those 
with cognitive impairment and dementia. 

 Becker et al. [ 79 ] 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). Fifty-two per-
cent 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 training and feedback, information provi-
sion and education for residents, environmental 
adaptations, exercise (balance exercises and pro-
gressive 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 
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adherence and environmental adaptations) to take 
effect. 

 In contrast to the above two studies, Kerse 
et al. [ 80 ] reported an increased fall rate following 
a trial that involved altering existing staff resources 
and implementing individualised fall- risk man-
agement for residents (IRR = 1.34, 95 % CI = 1.06–
1.72). This intervention was less intensive than 
the above two RCTs and the authors suggested 
that by diverting staff resources, low intensity 
interventions may be worse than usual care.  

    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 sur-
face 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 [ 81 ]. The original hip pro-
tectors [ 82 ] incorporated a fi rm outer shell and an 
inner foam section. Other versions are made of 
dense plastic without an outer shell [ 83 ]. Hip pro-
tectors either fi t into pockets of underwear or are 
built into underwear. The original protectors 
were tested in a randomized controlled study 
among 701 residents of a nursing home [ 82 ]. 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 
[ 84 ] tested a different model of hip protector and 
also found a decreased fracture rate among resi-
dents of a randomly selected nursing home that 
was offered hip protectors compared with a con-
trol nursing home (relative risk 0.33). 

 Subsequent research into the effi cacy and prac-
ticality of hip protector use has been less encour-
aging. The most recent Cochrane Collaboration 
review concluded that for older people living in 
nursing care facilities, providing a hip protector 

probably decreases the risk of a hip fracture (RR 
0.82, 95 % CI 0.67–1.00, 11,808 participants, 14 
trails) but may increase the small chance of a pel-
vic fracture slightly [ 85 ]. For older people living 
in the community, the review concluded there is 
little or no evidence that hip protectors can pre-
vent hip fractures (RR 1.15, 95 % CI 0.84–1.585 
trials, 5614 participants). 

 Poor compliance appears to markedly limit hip 
protector effectiveness. For example, O’Halloran 
et al. [ 87 ] found initial acceptance of the hip pro-
tectors at only 37 %, and adherence fell to only 
20 % at 72 weeks. While wearing hip protectors 
has few side effects such as skin irritation [ 86 ], sev-
eral studies have found that many older people 
decline involvement (e.g., 79 % declined in Birks 
et al.) [ 87 ]. Key reasons for poor compliance 
include: discomfort, the extra effort needed to wear 
them, urinary incontinence and physical diffi cul-
ties/illnesses. In some settings, cost may also be a 
barrier to hip protector use [ 88 ]. Although system-
atic review evidence provides only limited effi cacy 
of hip protectors to prevent hip fracture, there may 
be a role for them when used correctly by high risk 
individuals. Clearly more data are needed since the 
hip protectors themselves differ substantially in 
their energy absorbing capacity [ 89 ].  

    Conclusions 

 There is strong evidence to support the effec-
tiveness of fall prevention programs. By using 
assessments based on evidence-based risk fac-
tors amenable to correction, it is possible to 
intervene in those most likely to benefi t from 
targeted intervention strategies. Balance train-
ing has been shown to be the most effective 
single intervention in the prevention of falls. 
However, a multi- factorial approach is needed 
in higher risk individuals such as those in hos-
pital or residential care and those presenting to 
the emergency department as a result of a fall. 

 Poor adherence has been highlighted as an 
issue limiting the effectiveness of hip protec-
tors to prevent fractures but there is mounting 
systematic review evidence to support fall pre-
vention as a means of fracture prevention. 
However, to have a meaningful impact on 
fracture rates, it is imperative that bone health 
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and fall prevention are considered together. 
Comparative studies are also required to 
establish the clinical effectiveness and cost 
effi ciency of the interventions on offer.     
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         Introduction 

 Osteoporosis risk and complications increase 
with age. The syndrome of osteoporosis of old 
age is different from postmenopausal osteoporo-
sis because both men and women are affected as 
they age. The aim of osteoporosis treatment is to 
prevent fractures by preventing falls and strength-
ening the skeleton. Bone mineral density (BMD) 
is used as a guide to predict future fracture risk. 
Numerous clinical trials have tested the effi cacy 
of both nutritional supplements (calcium and 
vitamin D) and pharmacologic therapies to 
reduce fracture risk in those with osteoporosis. 
However, not all trials included patients who 
were very old, despite the fact that they are at 
increased risk of fractures. Trials also sometimes 
demonstrated effi cacy in preventing only certain 

types of fractures but not others. This chapter 
reviews the evidence supporting osteoporosis 
treatments.  

    Targets of Therapies 

 Preceding chapters have described the patho-
physiology of osteoporosis. The pharmacologic 
targets of treatment are closely linked to patho-
physiology. A fundamental part of therapy is 
ensuring adequate calcium intake, which is the 
primary mineral that lends to bone strength. 
Vitamin D is intricately linked to calcium homeo-
stasis, both promoting calcium absorption from 
the gut and reversing secondary hyperparathy-
roidism [ 1 ], a consequence of vitamin D insuffi -
ciency. The combination of these effects reduces 
bone turnover and increases calcium content of 
bones. Vitamin D also reduces falls by strength-
ening muscles and improving proprioception [ 2 ]. 

 In addition to calcium and vitamin D, effective 
medications are available for those at high risk of 
fracture. These include (i) bisphosphonates, (ii) 
denosumab, and (iii) teriparatide, (iv) estrogen hor-
mone replacement, (v) selective estrogen receptor 
modulator (SERM), and (vi) strontium ranelate. In 
addition, calcitonin, a drug once available for 
osteoporosis treatment, has been taken off the mar-
ket in Europe and Canada because of (i) weak 
effect on fracture prevention and (ii) increased can-
cer risk, but it is still available in the United States. 
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 These drugs are all  anti-resorptive agents  
because the ultimate effect is to reduce osteoclast- 
mediated bone resorption, thus reversing the pri-
mary mechanism of increased bone resorption 
after menopause. Certain drugs, such as teripara-
tide and strontium, are  anabolic agents  because 
they also increase bone formation via increased 
osteoblastic activity. New bone is formed as a 
result. The mechanisms of each drug are briefl y 
described here:

•     Bisphosphonates  work by attaching to 
hydroxyapatite minerals in bones. When 
osteoclasts resorb bones, bisphosphonates are 
taken into osteoclast cells along with hydroxy-
apatite, inducing apoptosis or inhibiting bone 
resorption activities [ 3 ]. Because absorbed 
bisphosphonates readily bind to hydroxyapa-
tite, the effect of these drugs lasts for many 
months after discontinuation.  

•    Denosumab  is a monoclonal antibody directed 
against the receptor activator of nuclear factor 
kappa-B ligand (RANKL), which is a neces-
sary signal for osteoclast survival and differ-
entiation [ 4 ,  5 ]. Denosumab is a potent 
inhibitor of osteoclast activity.  

•    Teriparatide  is a synthetic peptide containing 
the fi rst 34 amino acids of the parathyroid hor-
mone (PTH), which is available in North 
America and Europe. The whole peptide of 
PTH is available in Europe; however, in the 
U.S., the full 1–84 amino acid peptide is avail-
able for treatment of hypoparathyroidism. 
Although high levels of PTH in hyperparathy-
roidism are known to cause osteoporosis, 
intermittent pulses of the hormone actually 
attenuates and even reverses this effect [ 6 ]. 
This drug has an anabolic effect, shifting the 
balance toward bone formation. The use of 
this drug is limited to 2 years because the trials 
were stopped early due to fears of serious 
adverse effect potential on osteosarcoma risk 
that was later felt to be negligible. After dis-
continuing teriparatide at 2 years, rapid bone 
loss ensues, negating the benefi cial effects 
accrued during active treatment. Thus anti- 
resorptive therapy after 2 years of treatment is 
needed.     

    Caveats of Studies in Osteoporosis 

 The literature has a number of randomized con-
trolled trials (RCTs) and meta-analyses of osteo-
porosis therapeutic studies. However, it is 
important to consider caveats to the analysis of 
this literature. One important caveat is the out-
come measured. Not all studies include patient- 
important outcomes, such as fractures, mortality, 
or quality of life. BMD, while a predictor of 
future fracture risk, does not completely predict 
which individual will sustain a fracture. Previous 
studies of bisphosphonates, calcium, and vitamin 
D showed that a reduction in fracture risk is not 
necessarily related to improvement in BMD [ 7 –
 9 ]. However, newer studies of denosumab and 
zoledronic acid indicate a stronger association 
between BMD increase and fracture risk reduc-
tion [ 10 ,  11 ]. Furthermore, not all fractures are of 
equal importance to patients [ 12 ]. Hip fractures 
tend to bear signifi cant consequences, including 
mortality [ 12 ], need for nursing home, and dis-
ability [ 13 ]. Vertebral fractures are similarly 
associated with increased mortality and recurrent 
fracture risk [ 13 ]. Fractures of the arms or wrists 
tend to bear less consequence. Therefore, even if 
a study uses fractures as an endpoint, the type of 
fracture matters. 

 Another caveat is the age, sex, and multiple 
comorbidities of participants in trials. Some clin-
ical trials exclude or recruit few subjects over the 
age of 80, and yet a substantial proportion of fra-
gility fractures occur in this age group. Post-hoc 
analyses of some clinical trials show greater hip 
fracture reduction in this specifi c population [ 14 , 
 15 ], a fi nding obscured in original trial results 
because of a wide age range. Because of the prev-
alence of postmenopausal osteoporosis, the vast 
majority of trials only include postmenopausal 
women and not men. Osteoporosis affecting indi-
viduals of advanced age is pathophysiologically 
distinct from postmenopausal osteoporosis [ 16 ] 
and affects both sexes, so treatment for men 
should not be neglected. Existing evidence for 
male osteoporosis treatment is limited, and clini-
cal trials were not powered for fracture risk 
reduction [ 17 – 19 ]. The generalizability of clini-
cal trials may be questioned when applied to 
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men, although the general consensus among 
experts is that therapeutic effectiveness of these 
agents applies to men equally. There are very few 
trials specifi cally focused on individuals of 
advanced age. As is true for many of the drugs 
that are used to treat seniors, we must extrapolate 
the fi ndings in younger individuals to the specifi c 
population of seniors of advanced age who are 
the most likely to receive the above osteoporosis 
drugs.  

    Calcium and Vitamin D 

 There is controversy regarding whether to sup-
plement calcium and vitamin D to the elderly for 
fracture prevention. Numerous systematic 
reviews and meta-analyses have been done. The 
fi ndings can be summarized as follows:

•    In vitamin D defi cient individuals, which con-
stitutes 40–100 % of elderly individuals [ 20 ], 
supplementation of at least 800 IU/day of vita-
min D 3  (cholecalciferol) can prevent fractures 
of the vertebra and hips particularly those in 
long-term care settings [ 21 ]. Supplementing 
with 400 IU/day of vitamin D 3  or equivalent 
has no effect on fracture prevention.  

•   In those who are vitamin D replete (above 
75 nmol/L), there is no additional benefi t of 
supplementation. Supplementing suprathera-
peutic doses of vitamin D 3  at 500,000 IU in 
intermitted pulses is associated with increased 
fracture risk [ 22 ]. The Institute of Medicine’s 
upper limit of tolerance (UL) is 4000 IU/day, 
although European guidelines state that up to 
10,000 IU/day is safe [ 23 ].  

•   Elemental calcium daily intake of 1000–
1200 mg/day with vitamin D repletion reduces 
hip fracture risk in postmenopausal women 
[ 24 ]. The ideal method of intake is through 
dietary intake instead of supplementation 
[ 25 ]. There is a small increased risk of renal 
stones (HR 1.17) [ 26 ] and perhaps constipa-
tion with calcium supplements [ 27 ]. There is 
controversy as to whether calcium supple-
ments increase cardiovascular disease, with 
two meta-analysis of randomized clinical 

 trials reaching different conclusions [ 28 ,  29 ]. 
Arterial wall calcium deposition is  not  
increased in those who are supplemented [ 30 , 
 31 ], putting the mechanism of this association 
into question.  

•   Adherence to calcium and vitamin D supple-
mentation is related to outcomes. In the 
Women’s Health Initiative (WHI) clinical trial, 
adherence rate was 60 % and those who were 
adherent had reduced hip fracture risk [ 26 ]. A 
large observational cohort in Spain including 
both males and females had an adherence rate 
of 20 %, with 27 % of participants stopping 
therapy altogether after 1 year of treatment 
[ 32 ]. Therefore, real life adherence may be 
even less than that of clinical trials, and adher-
ence is linked to reduced fracture risk.    

 Calcium and vitamin D supplementation has 
become routine practice for reduction of fracture 
risk in institutionalized and community-dwelling 
elderly individuals. The evidence for institution-
alized elderly individuals (vast majority being 
women) is strong in a meta-analysis of 3 clinical 
trials (total n = 3998), which showed a relative 
risk (RR) of 0.71 (95 % CI 0.57–0.89) in reduc-
tion of hip and total fractures with low heteroge-
neity (I 2  = 0 %) [ 24 ]. Elemental calcium 1200 mg/
day and vitamin D 800–1000 IU/day were used 
in those trials. 

 In community-dwelling elderly individuals 
(n = 43,549), there is a similar trend toward 
reduced fracture risk in the same meta-analysis, 
although the relationship is non-signifi cant (RR 
0.89, 95 % CI 0.76–1.04) and there is moderate 
heterogeneity (I 2  = 27 %). The fi nding is driven 
by the largest clinical trial, the WHI (n = 36,282), 
which showed no difference in fracture risk when 
supplementing with 1000 mg/day of elemental 
calcium and 400 IU/day of vitamin D over an 
average follow-up period of 7 years in women 
aged 50–79 [ 26 ]. However, the hip fracture risk 
was signifi cantly lower when those who were 
non-adherent were excluded in a subgroup analy-
sis, HR 0.71 (0.52–0.97) [ 26 ]. This corresponded 
to a signifi cantly improved BMD at the hip but 
not spine after 3 or more years of therapy. Since 
hip fractures are the most devastating of all 
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 fractures, consideration should be given to this 
important fi nding. Another issue is the subopti-
mal dose of vitamin D used in the WHI study. A 
later meta-analysis showed a dose–response rela-
tionship between hip fractures and serum vitamin 
D level [ 21 ]. At least 800 IU/day is required for 
fracture reduction, and the 400 IU/day used in the 
WHI trial is insuffi cient. Therefore, calcium and 
vitamin D supplementation is likely to be of ben-
efi t in community-dwelling elderly individuals, 
especially women. 

 While adequate calcium may be achieved 
through diet, vitamin D almost certainly requires 
supplementation, particularly for institutionalized 
individuals. The active form of vitamin D is syn-
thesized through UVB radiation to the skin from 
the sun. Institutionalized individuals and commu-
nity-dwelling elderly individuals living away from 
the equator do not get enough sunshine for optimal 
vitamin D levels [ 20 ]. Most experts [ 23 ,  33 ] recom-
mend targeting serum 25(OH)D level at >50 nmol/l, 
and optimally 75 nmol/l. The Institute of Medicine 
considers serum levels >125 nmol/l to be associ-
ated with adverse events, including hypercalcemia 
[ 34 ]. Oral intake of 800 IU/day of vitamin D 3  will 
make 97.5 % of the population reach the minimal 
serum 25(OH)D level of 50 nmol/l, and 1600 IU/
day is required to reach a serum level of 75 nmol/l 
[ 35 ]. A 2012 meta-analysis of vitamin D supple-
mentation clinical trials showed that doses of 800–
2000 IU/day signifi cantly reduced hip (RR 0.70, 
0.58–0.86) and any non-vertebral (RR 0.86, 0.76–
0.96) fractures compared with lower doses. Both 
institutionalized and community-dwelling individ-
uals age >65 benefi t from high dose vitamin D in 
this analysis. Therefore, from all existing clinical 
and physiologic data, vitamin D supplementation 
of at least 800 IU/day is recommended for optimal 
bone health. 

 The recommended intake of elemental cal-
cium of 1200 mg/day for elderly men and women 
should be acquired through diet [ 25 ]. When 
dietary intake is less than adequate, supplemental 
calcium should be given to meet requirements. 
The safety of calcium supplements has received 
attention recently. Self-reported gastrointestinal 
(GI) complaints such as constipation and bloat-
ing were more common in calcium-supplemented 
individuals in a meta-analysis of RCTs 

(n = 10,128) comparing calcium and placebo 
[ 36 ]. However, this meta-analysis did not include 
data from the large WHI trial (n = 36,282), which 
reported similar rates of GI symptoms between 
calcium and placebo groups [ 26 ]. The occurrence 
of renal stones was higher in the calcium group in 
the WHI trial (HR 1.17, 1.02–1.34), but baseline 
calcium intake was high, making the overall daily 
intake higher than 1200 mg. Other trials have not 
found increased calculi risk [ 37 ]. High dietary 
calcium typically protects from renal stones by 
binding to and excreting oxalate in stool. 
Therefore, the minimal risk of constipation and 
renal stones, even if present, is likely negligible 
compared to the benefi ts of fracture prevention. 

 The risk of cardiovascular disease has been 
widely publicized based on a 2010 meta-analysis 
of RCTs showing increased myocardial infarc-
tion (MI) risk in calcium-supplemented groups 
[ 38 ]. Self-reported MIs were used to reach this 
conclusion. Subsequent studies have shown sig-
nifi cant bias in self-report cardiovascular events, 
especially if there are increased GI complaints, 
which can mimic chest pain [ 36 ]. A 2014 meta- 
analysis of RCTs (n = 63,563) with  verifi ed  car-
diovascular events showed no difference between 
calcium supplements and placebo (RR 1.02, 
0.96–1.09), with low heterogeneity (I 2  = 0 %) and 
low publication bias [ 28 ]. Furthermore, in a sub-
set of the WHI participants (n = 792) who under-
went cardiac CT to determine levels of coronary 
artery calcifi cation, a strong predictor of cardio-
vascular risk, showed no difference in calcifi ca-
tion level between calcium and placebo groups 
[ 30 ]. Cardiovascular events are common in the 
elderly, but calcium supplementation with vita-
min D does not appear to increase risk of these 
events. Furthermore, all RCTs of osteoporosis 
medications required participants to have ade-
quate intake of both calcium and vitamin D at 
these targets, indicating a commonly accepted 
prerequisite for proper bone health.  

    Bisphosphonates 

 Bisphosphonates are the fi rst line therapy for 
senile osteoporosis. There is evidence for pre-
venting vertebral and hip fractures [ 39 – 41 ], in 
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older women [ 14 ,  41 ], in men [ 17 ], in dementia 
[ 42 ], and in glucocorticoid-induced osteoporosis 
[ 43 ]. Adherence is about 50 % in real-world 
usage [ 44 ], which is poor and leads to reduced 
effi cacy [ 45 ]. In general, major clinical trials of 
bisphosphonates have included older women 
with osteoporosis, both with and without pre- 
existing fractures. Most trials exclude “severe 
medical illness,” which may reduce external 
validity for institutionalized elderly patients with 
advanced dementia, although this group of geri-
atric patients is not explicitly excluded. Given the 
well-established benefi t of bisphosphonates and 
high morbidity and mortality associated with 
fractures, bisphosphonates are still considered 
fi rst-line therapy for all patients of advanced age 
with osteoporosis. However, since bisphospho-
nates are renally excreted, renal impairment with 
creatinine clearance less than 30 mL/min is a 
contraindication for use. Also, the high preva-
lence of dysphagia in institutionalized patients 
[ 46 ] makes oral formulations less tolerable. 

 Alendronate [ 40 ,  47 ], risedronate [ 41 ,  48 ], 
and zoledronic acid [ 49 ] are the most well- 
studied bisphosphonates and all have effi cacy in 
preventing hip and vertebral fractures, although 
risedronate is not approved by the U.S. Food and 
Drug Administration for hip fracture prevention. 
Clodronate and ibandronate are less preferred for 
various reasons, including the lack of proven 
effectiveness in preventing hip fractures [ 50 ,  51 ]. 
The Fracture Intervention Trials (FIT I [ 40 ] and 
II [ 47 ]) were the fi rst large-scale RCTs of 
bisphosphonate therapy for osteoporosis pow-
ered for fracture risk reduction. Women aged 
55–81 with femoral neck T-score ≤2.1 and (i) a 
prior vertebral fractures (FIT I, n = 2027) or (ii) 
no prior fractures (FIT II, n = 4432) were ran-
domized to alendronate 5 mg daily (increased to 
10 mg daily after 24 months) or placebo for 3 and 
4 years, respectively. In those with a prior verte-
bral fracture (FIT I), alendronate signifi cantly 
reduced the risk of vertebral (RR 0.53, 95 % CI 
0.41–0.68), hip (RR 0.49, 95 % CI 0.23–0.99), 
wrist, and all clinical fractures combined. In 
those without prior fracture (FIT II), alendronate 
reduced new vertebral fractures (RR 0.56, 95 % 
CI 0.39–0.80), but did not signifi cantly reduce 
hip or all clinical fractures. Selecting individuals 

at high risk for fractures (e.g. those with prior 
fractures) increases the chances of detecting a 
signifi cant treatment effect, which is a common 
theme among osteoporosis trials. 

 A meta-analysis of alendronate and zoledronic 
acid RCTs showed a signifi cant reduction in hip 
fractures with postmenopausal women using 
alendronate (n = 9808, HR 0.61, 95 % CI 0.40–
0.93) and zoledronic acid (n = 9863, HR 0.62, 
95 % CI 0.46–0.82) [ 49 ]. The same meta- analysis 
also found signifi cant reduction in vertebral frac-
tures for alendronate (n = 7145, HR 0.54, 95 % CI 
0.44–0.66) and zoledronic acid (n = 7802, HR 
0.38, 95 % CI 0.22–0.67). There was low hetero-
geneity in these results, except for vertebral frac-
tures between the two large zoledronic acid trials 
[ 39 ,  52 ]. The reason is that one of the trials did 
not use radiographic evidence to detect vertebral 
fractures, which likely under-detected actual ver-
tebral fracture incidence [ 52 ]. 

 Zoledronic acid also appears to have a mortal-
ity benefi t in a specifi c population after hip frac-
ture. The HORIZON-R clinical trial randomized 
2127 patients, both men and women age 50–98, 
within 90 days of having a surgically repaired hip 
fracture to zoledronic acid 5 mg IV once yearly 
vs. placebo [ 52 ]. These patients had to be intoler-
ant to or unable to take an oral bisphosphonate. 
Although the study was not powered to detect a 
difference in recurrent hip fractures, there was a 
signifi cant reduction in the primary outcome of 
all clinical vertebral fractures and secondary out-
come of mortality. After an average follow-up of 
1.9 years, the hazard ratio for all-cause mortality 
was 0.72 (95 % CI 0.56–0.93). However this ben-
efi t was only protective for patients with normal 
cognition; those with cognitive impairment did 
not benefi t from this reduction in death [ 53 ]. A 
large prospective cohort in Dubbo, Australia 
demonstrated similar mortality benefi ts of 
bisphosphonate therapy in community dwelling 
elderly women with osteoporosis (adjusted HR 
0.31, 95 % CI 0.17–0.59) [ 54 ], suggesting the 
importance of bisphosphonate therapy beyond 
fracture prevention. 

 Risedronate has been studied in similar popu-
lations. Two of the initial large trials, VERT-MN 
and VERT-NA, established risedronate’s safety 
and effi cacy in reducing vertebral fractures in 
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postmenopausal women with established osteo-
porosis and at least one vertebral fracture [ 55 , 
 56 ]. Subsequently, the larger HIP trial was done 
to detect risedronate’s effi cacy in preventing hip 
fractures in two groups of women: (1) age 70–79 
with osteoporosis and (2) age greater than 80 at 
risk for fractures, but not necessarily with osteo-
porosis [ 41 ]. The HIP trial showed effi cacy for 
the entire pooled population (n = 9331) for sig-
nifi cantly reducing hip fractures after 2 years of 
therapy, RR 0.7 (95 % CI 0.6–0.9). However, in 
the predefi ned subgroups, only women ages 
70–79 (n = 5445) with established osteoporosis 
had a signifi cant benefi t (RR 0.6, 95 % CI 0.4–
0.9), while the other group of older women with 
risk factors alone (n = 3886) did not benefi t in 
terms of hip fractures (RR 0.8, 95 % CI 0.6–1.2). 
This difference is likely due to lack of power to 
detect this rare event rather than the medication 
not benefi tting this older age group. 

 Adherence is linked to better outcomes for 
bisphosphonate therapy [ 45 ], and intermittent 
dosing helps improve adherence [ 57 ]. Risedronate 
has demonstrated non-inferiority using once 
monthly [ 58 ] and once weekly [ 59 ] dosing com-
pared with the daily dosing used in the aforemen-
tioned trials. Intermittent risedronate showed 
similar gains in BMD, reductions in bone turn-
over, and number of new vertebral fractures. 
Alendronate also has a once weekly dosing that is 
non-inferior to daily dosing used in the large clin-
ical trials [ 60 ]. However, the alendronate study 
demonstrates only BMD and bone turnover non- 
inferiority without fracture data. These weekly or 
monthly formulations are considered fi rst line 
therapy over daily dosing. Should a patient not 
tolerate oral bisphosphonate because of GI side 
effects or inability to sit up for 30 min after inges-
tion, they should be offered yearly intravenous 
zoledronic acid or biannually subcutaneous 
denosumab. 

 Much controversy has been generated over the 
risk of osteonecrosis of the jaw (ONJ) and atypi-
cal femur fractures (AFF) with bisphosphonate 
use. ONJ is defi ned as exposed bone in the jaw 
that does not heal by 8 weeks. It is associated 
with poor dental hygiene, dental procedures, glu-
cocorticoid therapy, proton-pump inhibitor use, 

and bisphosphonate use [ 61 ]. Although the risk 
of ONJ is moderate with cancer-related bisphos-
phonate therapy (400 in 100,000 patient-years), 
the risk is very low in osteoporosis-related ther-
apy (1 in 100,000 patient-years) [ 62 ]. In contrast, 
the risk of a major osteoporotic fracture in women 
with low, medium, and high risk is 650 in 
100,000, 1600 in 100,000, and 3100 in 100,000 
patient-years, respectively [ 61 ]. An AFF is one 
that occurs in the subtrochanteric region or femur 
shaft, typically without any trauma. The risk 
increases with the length of bisphosphonate ther-
apy, with 1.78 in 100,000 patient-years with 1 
year of use and increasing to 113.1 in 100,000 
patient-years with 8 years of use [ 63 ]. As such, 
some clinicians discontinue bisphosphonates in 
low-to-moderate risk patients taking a bisphos-
phonate after 3–5 years, with regular reassess-
ment for possible re-initiation. Those with 
existing fragility fracture or those at high fracture 
risk should probably be considered for continued 
treatment because the risk of a major osteopo-
rotic fracture (hip or vertebral) is more than 30 
times higher than AFF [ 61 ].  

    Estrogen and Selective Estrogen 
Receptor Modulator (SERM) 

 Hormone replacement therapy with estrogen has 
high quality evidence of effectiveness in pre-
venting both hip and vertebral fractures in all 
postmenopausal women regardless of fracture 
risk. This was shown in the famous Women’s 
Health Initiative (WHI) trial that randomized 
16,608 postmenopausal women aged 50–79 to 
estrogen plus progesterone therapy vs. placebo 
for an average of 5.6 years [ 64 ], which was ter-
minated early. There were signifi cantly more 
cases of coronary artery disease, breast cancer, 
stroke, and pulmonary embolism [ 65 ] that basi-
cally negates any global benefi t [ 64 ]. Estrogen is 
no longer routinely recommended therapy 
because of other drugs with more favorable risk-
benefi t profi les. Consideration is given to short 
courses for those with concomitant menopausal 
symptoms, understanding the risks of estrogen 
therapy. 
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 Selective estrogen receptor modulators 
(SERMs) act as estrogen agonists in bone and 
liver but not other tissues. Raloxifene is a well- 
studied SERM that reduces vertebral fractures 
and improves BMD, but there is  no  demonstrated 
reduction in hip and nonvertebral fractures [ 66 ]. 
Raloxifene treatment also signifi cantly increases 
the risk of venous thromboembolism, RR 3.1 
(95 % CI 1.5–6.2), but signifi cantly reduces the 
risk of breast cancer, RR 0.3 (95 % CI 0.2–0.6) 
[ 67 ]. Overall, bisphosphonates, denosumab, and 
teriparatide should be considered over raloxifene 
because they are more effective and have better 
risk-benefi t profi les than raloxifene. 

 Newer third-generation SERMs, including 
bazedoxifene and lasofoxifene, are approved in 
the European Union for high-risk postmenopausal 
osteoporosis; bazedoxifene is also approved by 
the FDA in the United States. Despite signifi cant 
benefi t in reducing vertebral fractures, both drugs 
have not been shown to reduce hip fractures [ 68 –
 70 ]. There is a signifi cantly increased risk for 
deep venous thrombosis in both drugs. Again, 
other osteoporotic agents should be considered 
before using these new SERMs.  

    Strontium Ranelate 

 Strontium ranelate is a metallic salt that is effec-
tive in reducing both vertebral and hip fractures 
[ 71 ]. In the phase 3 TROPOS study, postmeno-
pausal women (n = 5091) aged 50–100 years 
were randomized to strontium ranelate 2 g/day 
vs. placebo for 5 years with a preplanned statisti-
cal analysis at 3 years. There was a preplanned 
subgroup of high-risk patients for analysis of hip 
fractures as well as a subgroup of patients over 
the age of 80 years for analysis of all fractures 
[ 72 ]. At both the 3- and 5-year mark, there were 
signifi cantly fewer vertebral fractures in the 
entire group and subgroup of patients age ≥80, 
and there were signifi cantly fewer hip fractures in 
the high risk group [ 71 ,  73 ]. The small subgroup 
of 1488 patients age ≥80 did not have enough 
power to detect a difference in hip fractures. 

 Despite its initial promising results with seem-
ingly limited side effects, several serious safety 

concerns of strontium were identifi ed in recent 
years. The European Medicines Agency (EMA) 
released post-marketing surveillance data that 
revealed signifi cant side effects not captured in the 
initial trial data [ 74 ]. In pooled analysis of seven 
studies encompassing 7572 women, treatment 
with strontium ranelate demonstrated an increased 
in risk of non-fatal myocardial infarction (OR 1.6, 
95 % CI 1.07–2.38) [ 75 ]. The increased risks were 
only seen in patients with pre-existing cardiovas-
cular risk factors such as poorly controlled hyper-
tension (BP >160/90 mmHg) or known ischemic 
heart disease. Furthermore, there was an increased 
risk of venous thromboembolism in the elderly 
population (age >80 years), RR 1.87 (95 % CI 
1.06–3.31) [ 75 ]. In addition, since its launch up to 
September 2011, 86 cases of  Drug Reaction  
(or Rash) with  Eosinophilia and Systemic 
Symptoms  (4 fatal cases) and 10 cases of  Toxic 
Epidermal Necrolysis  or  Stevens Johnson 
Syndrome  (3 fatal cases) were reported in the post-
marketing setting [ 76 ]. 

 Given the risks found in post-marketing sur-
veillance, especially for elderly individuals, other 
medications should be considered for treatment 
of osteoporosis.  

    Denosumab 

 Denosumab is a human monoclonal antibody 
against the human receptor activator of the 
nuclear factor ĸB ligand (RANKL) [ 5 ]. In the 
FREEDOM trial, postmenopausal women with 
osteoporosis aged 60–90 years (n = 7868) were 
randomized to denosumab 60 mg subcutaneous 
injections every 6 months for 36 months vs. pla-
cebo [ 77 ]. At 3 years, the active treatment group 
showed a reduction of new radiographic vertebral 
fractures by 68 % (RR 0.32, 95 % CI 0.26–0.41; 
p = 0.001) and hip fractures by 20 % (RR 0.60, 
95 % CI 0.37–0.97; p = 0.05). 

 In the FREEDOM extension study interim 
report at 6 years of exposure, the denosumab 
group maintained reduced bone turnover, 
increased BMD at the spine and hip, and the frac-
ture incidence remained low for vertebral, hip, 
and other non-vertebral fractures [ 78 ]. The 
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 investigators had the placebo group crossover to 
active treatment for 3 years, and the participants 
quickly achieved similar benefi ts in fracture 
reduction. 

 With regards to safety, denosumab was gener-
ally well tolerated in the FREEDOM trial. There 
have been some concerns regarding potential 
risks of infection and malignancy as RANKL is 
also expressed by immune cells. In the original 
3-year study, an increased occurrence of cellulitis 
was detected in the denosumab group vs. placebo 
(0.3 % vs. <0.1 %, p = 0.002) [ 77 ], but this was 
not observed in those participating in the exten-
sion study [ 78 ]. There was no increase in the rate 
of malignancy in either the original or extension 
studies [ 77 ,  78 ]. Six cases of ONJ and 1 case of 
AFF were adjudicated to be related to denosumab 
in the FREEDOM extension study (n = 4550), 
while none were identifi ed in the fi rst 3 years of 
the original trial [ 78 ]. At 6 years into the exten-
sion study, 2 more cases of ONJ and no new cases 
of AFF were found [ 79 ]. 

 Denosumab has several advantages over 
bisphosphonates. First, it increases BMD and 
reduces bone turnover more than bisphospho-
nates as shown by several head-to-head trials 
comparing denosumab with alendronate, risedro-
nate, and ibandronate for 12 months in osteopo-
rotic women [ 80 – 82 ]. However, fracture data 
were not collected in these studies. Safety appears 
to be similar between denosumab and bisphos-
phonates. Second, with subcutaneous administra-
tion and infrequent dosing (once every 6 months), 
denosumab usage is more convenient than oral 
bisphosphonates (once daily, weekly or monthly 
dosing) and less invasive than intravenous zole-
dronic acid. Third, recent cost-effectiveness anal-
yses using US, UK, and Canadian healthcare 
models suggest cost-effectiveness or dominance 
over oral bisphosphonates currently used [ 83 –
 85 ]. The US price of 1 injection of denosumab is 
$1057.86, while the cost of 6 months of generic 
alendronate is $491.70 USD, and 6 months of 
generic risedronate is $1400.34 USD [ 86 ]. 

 Limitations of denosumab include unclear ideal 
duration of therapy and relatively less usage experi-
ence compared to bisphosphonates. Denosumab is 
an effective therapy for postmenopausal women 

with osteoporosis, especially in those who cannot 
tolerate bisphosphonate therapy.  

    Teriparatide 

 There are two recombinant parathyroid hormone 
analogs: PTH 1-34 (teriparatide) and PTH 1-84 
(full-length hormone). Both are anabolic agents 
that stimulate bone remodeling by inducing an 
increase in bone formation followed by a slower 
increase in bone resorption [ 87 ]. 

 The Fracture Prevention Trial randomized 
1637 ambulatory postmenopausal women with 
osteoporosis and prior vertebral fracture, aged 
42–86, to teriparatide 20 mcg, 40 mcg, or pla-
cebo injections daily for 21 months [ 87 ]. Both 
doses of teriparatide demonstrated a 65 % rela-
tive risk reduction in the risk of new vertebral 
fracture (RR 0.35, 95 % CI 0.22–0.55), and a 
53 % reduction in non-vertebral fractures (RR 
0.47, 95 % CI 0.25–0.88). However, the study 
population was not powered to detect a difference 
in hip fractures. Since both doses were equiva-
lent, the lower 20 mcg subcutaneous daily dosing 
is now approved for use. 

 The safety and effi cacy of teriparatide is estab-
lished in elderly patients older than 80 years. In a 
post-hoc analysis of the Fracture Prevention 
Trial, there was no age interaction with the effec-
tiveness of fracture prevention or occurrence of 
adverse events between those younger than 75 or 
age 75 years and older [ 88 ]. Contraindications to 
teriparatide use are conditions that abnormally 
increase bone turnover such as hypercalcemia, 
hyperparathyroidism, Paget’s disease of the bone, 
increased alkaline phosphatase, or patients with 
skeletal malignancies [ 89 ]. Severe renal impair-
ment is also a contraindication because teripara-
tide is renally excreted. To date, the initial 
concerns regarding the increased osteosarcoma 
with teriparatide use have not been clinically sub-
stantiated in humans [ 90 ]. 

 An added benefi t of teriparatide is its  analgesic 
property for those suffering back pain secondary to 
vertebral fractures. A meta-analysis of 5  randomized 
clinical trials comparing teriparatide with placebo, 
alendronate, and hormone  replacement therapy 
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showed signifi cantly lower back pain when com-
paring teriparatide to each control group [ 91 ], and 
this effect persists up to 30 months after discontinu-
ing teriparatide [ 92 ]. 

 Combination and sequential therapy with 
teriparatide and other agents have been investi-
gated. Sequential therapy where bisphosphonate 
users are switched to teriparatide shows a tran-
sient reduction in hip BMD for the fi rst 6 months 
that reverses consistently to bone formation after 
[ 93 ]. There is no convincing evidence that the 
combination therapy of teriparatide and alendro-
nate offers synergistic effects on BMD [ 18 ,  94 ]. 
In contrast, combined treatment with teriparatide 
and denosumab led to a greater increase in BMD 
in all skeletal sites, compared to teriparatide or 
denosumab alone [ 95 ]. Sequential therapy of an 
anti-resorptive agent after PTH therapy is impor-
tant to prevent bone resorption. A randomized 
trial comparing 1 year of alendronate vs. placebo 
after 1 year of parathyroid hormone (PTH 1–84) 
treatment in 223 postmenopausal women showed 
continued rise in BMD with alendronate, but 
decreased spine BMD with placebo [ 96 ]. 
Therefore, following parathyroid hormone treat-
ment, anti-resorptive therapy is recommended. 

 Teriparatide is effective for postmenopausal 
osteoporosis [ 87 ], male osteoporosis [ 18 ], and 
glucocorticoid-induced osteoporosis [ 97 ]. It is 
approved in Canada, US, and Europe for those 
indications. PTH 1–84 is effective for postmeno-
pausal osteoporosis [ 98 ], but is only available in 
Europe for this indication. Because of the high 
cost and inconvenient daily injections, these 
drugs are limited to patients with severe osteopo-
rosis despite alternative therapy.  

    Conclusion 

 The landscape of osteoporosis treatment for 
seniors of advanced age is expansive, but there 
are yet newer therapies on the horizon [ 99 , 
 100 ]. In summary of the discussion in this 
chapter, the following therapeutic options are 
recommended for osteoporosis in the elderly.

•    Vitamin D supplementation of 800–
2000 IU daily with elemental calcium 
1200 mg/day, the latter ideally achieved 

through diet, is effective in preventing ver-
tebral and hip fractures. Active monitoring 
of side effects is helpful to improve 
adherence.  

•   In addition to vitamin D and calcium reple-
tion, an anti-resorptive or anabolic agent 
should be used in those with osteoporosis 
or prior fragility fractures.  

•   Bisphosphonates are fi rst line therapy for 
osteoporosis. In particular, alendronate, 
risedronate, and zoledronic acid have 
proven effi cacy in preventing vertebral and 
hip fractures when used properly. Consider 
intermittent formulations (weekly or 
monthly) to increase adherence. While 
counseling patients on the risk of ONJ and 
AFF, it is important to stress the much 
higher incidence of fractures, regardless of 
the fracture risk, compared to the small risk 
of these adverse events. Discontinuation of 
bisphosphonates can be considered for 
those at low-to-moderate fracture risk after 
3–5 years of bisphosphonate therapy. 
Should bisphosphonates be discontinued, 
regular reassessment is needed to decide 
when and if to restart therapy.  

•   In patients intolerant of bisphosphonates or 
in those who have renal failure, denosumab 
is the next recommended choice of therapy. 
Denosumab is effective for preventing verte-
bral and hip fractures. The risks of ONJ and 
AFF are low, similar to bisphosphonates.  

•   In patients with severe osteoporosis despite 
anti-resorptive therapy, teriparatide is an 
anabolic agent that can be used in place of 
bisphosphonates or in combination with 
denosumab for up to 2 years, followed by 
continuation of anti-resorptive therapy. 
Special consideration for those with back 
pain secondary to vertebral fractures can be 
made for teriparatide for its analgesic 
properties.  

•   SERMs and strontium ranelate can be con-
sidered for postmenopausal osteoporosis 
only if treatment with the above medica-
tions is not possible. The risks of these 
therapies must be weighed against the ben-
efi ts of fracture prevention. Note that 
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SERMs have not demonstrated effi cacy in 
reducing hip or non-vertebral fractures. 
Also note the signifi cant adverse events 
when strontium is used in the elderly 
population.  

•   Hormone replacement therapy should not 
be used for the sole purpose of treating 
osteoporosis. The harms outweigh any 
benefi ts.        
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      Fracture Liaison Services                     

     Paul     J.     Mitchell     

          The Need for Fracture Liaison 
Services 

    Fracture Begets Fracture 

 For more than three decades it has been known 
that a considerable proportion of older people 
who fracture their hip have suffered prior fragil-
ity fractures. In 1980, Gallagher and colleagues 
described the fracture history of people present-
ing with hip fractures in Rochester, Minnesota 
during the period 1965–1974 [ 1 ]. Sixty eight per-
cent of women and 59 % of men had a history of 
at least one other fracture in addition to their hip 
fracture. More recent studies from Australia [ 2 ], 
the United Kingdom [ 3 ] and the United States [ 4 ] 
reported similar fi ndings, with approximately 
half of hip fracture patients having prior history 
of a clinically apparent fracture. 

 A corollary to these retrospective observations 
follows from meta-analyses, which considered 
future fracture risk among people experiencing 
new, or incident, fractures [ 5 ,  6 ]. People who have 
suffered one fragility fracture are at double the 

risk of suffering future fractures, as compared to 
age-matched fracture-free peers. The ‘ osteopo-
rotic career ’ illustrated in Fig.  13.1  – an expres-
sion originally coined by Marsh and subsequently 
referred to by a growing number of organizations 
worldwide [ 7 – 10 ] – is familiar to people living 
with osteoporosis and their healthcare team. A 
minority of older people endure a cycle of fragil-
ity fractures throughout their latter decades [ 11 ].

       An International Care Gap 

 Since the 1990s, a broad range of treatments have 
been licensed to improve bone mineral density 
(BMD) and, in the majority of cases, prevent fra-
gility fractures, including hip and vertebral frac-
tures [ 12 – 24 ]. These treatments can be 
administered as daily, weekly or monthly tablets, 
or as daily, quarterly, 6-monthly or annual injec-
tions. Expiry of patent protection relating to a 
number of the bisphosphonate drugs has led to 
widespread availability of low cost generic prod-
ucts throughout the world. 

 Given that about half of hip fracture patients 
effectively provide advance notice that they will 
fracture their hip in the future – by presenting 
with an incident fragility fracture in the pres-
ent – it is all the more surprising, and disappoint-
ing, that the majority of fragility fracture 
sufferers do not receive appropriate secondary 
preventive care [ 7 – 10 ,  25 – 30 ]. A lack of clarity 
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regarding where clinical responsibility lays for 
delivery of this care seems to be the primary 
source of inertia. A UK study, which evaluated 
behaviours of orthopaedic surgeons and general 
practitioners (GPs) in response to patients who 
suffered fragility fractures, identifi ed where con-
tinuity of care was breaking down [ 31 ]. Whilst 
both surgeons and GPs agreed in principle that 
fragility fracture patients should undergo assess-
ment for osteoporosis, each group relied on the 
other to deliver secondary prevention. This fail-
ure to take ownership for the secondary preven-
tion of future fractures served to trigger the 
development of the fi rst Fracture Liaison 
Services (FLS) in several countries [ 32 – 35 ], 
which were designed to reliably respond to the 
fi rst fracture with a determined effort to prevent 
second and subsequent fractures. In addition to 
assessing and, where appropriate, treating osteo-
porosis, FLS ensure that interventions to reduce 
falls risk are deployed.   

    The Fracture Liaison Service Model 
of Care 

    FLS Case Studies 

 The purpose of an FLS is to ensure that all men 
and women above a specifi c age who suffer fra-
gility fractures:

•    Undergo assessment for treatment of osteopo-
rosis, and initiate treatment where needed.  

•   Undergo assessment for falls risk and receive 
evidence-based interventions as required.    

 Some of the fi rst high-performing FLS were 
developed in Australia [ 35 ], Canada [ 33 ], the 
United Kingdom [ 32 ] and the United States [ 34 ]. 
Summaries of the service structures and out-
comes achieved by these FLS are provided 
below:

•    Australia: The Minimal Trauma Fracture 
Liaison (MTFL) service at Concord 
Repatriation General Hospital in Sydney was 
established in 2005. The MTFL service pro-
vides care for non-frail fragility fracture 
patients, while frail patients are managed by 
the orthogeriatric service based at the same 
hospital. Delivered primarily by a fi rst year 
advanced physician trainee, the impact of the 
MTFL service on fracture rates was evalu-
ated. As compared to fracture patients who 
declined the consultation freely offered by 
the service, refracture rates were 80 % lower 
for MTFL patients [ 35 ]. A formal cost- 
effectiveness analysis concluded that the 
incremental costs per quality adjusted life 
year (QALY) gained for the MTFL was 
approximately one-third of the accepted 
maximum willingness to pay cost of 
AU$50,000 for one QALY gained [ 36 ].  

Morbidity
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humerus, ankle, vertebrae
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  Fig. 13.1    The 
‘osteoporotic career’: 
fragility fractures through 
the life span (Adapted 
from Kanis and Johnell 
[ 102 ]. Reproduced with 
kind permission of 
Springer International 
Publishing AG)       
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•   Canada: The Osteoporosis Exemplary Care 
Program (OECP) was established in St. 
Michael’s Hospital in Toronto in 2002. In the 
fi rst year of operations, 96 % of the 430 fracture 
patients managed by the OECP received appro-
priate care [ 33 ]. Formal cost- effectiveness anal-
ysis of the OECP reported that a hospital which 
employs an osteoporosis coordinator to man-
age 500 fracture patients per year will reduce 
subsequent hip fracture rates by 9 % in the fi rst 
year [ 37 ]. A sensitivity analysis concluded that 
there was a 90 % probability that hiring a coor-
dinator would cost less than CN$25,000 per hip 
fracture prevented, and that a coordinator could 
manage just 350 patients per year to remain 
cost-effective.  

•   United Kingdom: The Glasgow FLS was estab-
lished in the university teaching hospitals in 
Glasgow in 1999 and 2000 [ 32 ]. During the fi rst 
18 months, 4600 fracture patients were seen by 
the FLS nurse specialists. Nearly three-quarters 
were considered for bone density testing, and 
among those tested 82 % were found to have low 
bone mass (i.e. osteopenia or osteoporosis). The 
Glasgow FLS expanded considerably during the 
fi rst decade of operations [ 38 ]:

 –    1999: West Glasgow FLS 
 –  1 centre: population 250,000: 1500 frac-

tures per year  
 –   2002: Pan-Greater Glasgow FLS 
 –  3 centres: population 1 million: 6500 frac-

tures per year  
 –   2009: Pan-Greater Glasgow and Clyde FLS 
 –  5 centres: population 1.4 million: 9000 

fractures per year       
    In 2011, a formal cost-effectiveness analy-

sis of the Glasgow FLS was published [ 39 ]. 
This study concluded that 18 fractures were 
prevented, including 11 hip fractures, and 
£21,000 GBP was saved per 1000 patients 
managed by the Glasgow FLS versus ‘usual 
care’ in the UK.   

•    United States: In the late 1990s, Kaiser 
Permanente developed the Healthy Bones 
Program [ 34 ], facilitated by Kaiser’s state-
of-the-art electronic medical record sys-
tems, HealthConnect®. The Healthy Bones 

Program is delivered primarily by Care 
Managers and Nurse Practitioners. All fra-
gility fracture patients presenting to Kaiser 
medical facilities receive secondary preven-
tive care. A systematic approach to primary 
fracture prevention is also offered to women 
aged 65 years and over and men aged 70 
years and over [ 40 ]. Actuarial analysis was 
conducted to assess the impact of the 
Healthy Bones Program on hip fracture 
rates [ 34 ]. In 2006, observed hip fracture 
rates in Kaiser Southern California were 
37 % lower than the expected rate.    
 Publications on FLS have appeared from a 

growing number of other countries, including 
France [ 41 ], Ireland [ 42 ], Northern Ireland [ 43 ], 
Singapore [ 44 ], Spain [ 45 ], Switzerland [ 46 ] and 
The Netherlands [ 47 ]. Furthermore, the 
International Osteoporosis Foundation (IOF) 
Capture the Fracture ®  Program (see below) has 
created a ‘map of best practice’ which showcases 
FLS from all regions of the world [ 48 ]. 

 An emerging body of evidence suggests that 
osteoporosis treatment is associated with reduced 
mortality [ 23 ,  49 – 52 ]. In 2014, for the fi rst time, in 
addition to a benefi cial effect on fracture rates, 
care delivered by an FLS was shown to reduce 
mortality of fracture patients. Investigators from 
the Netherlands recruited consecutive patients pre-
senting to a university hospital with an FLS (FLS 
Group, n = 1412) and a general hospital without an 
FLS (No FLS Group, n = 1910) [ 53 ]. The results 
were analysed according to the intention- to-treat 
principle. Among the FLS Group, 67.8 % agreed 
to the FLS evaluation (the ‘shows’). The 32.2 % of 
FLS Group patients who rejected the FLS assess-
ment (the ‘no shows’) were older and had sus-
tained more hip fractures. The subsequent 
non-vertebral fracture risk was lower for the FLS 
Group as compared to the No FLS Group, and 
increased over time. A 16 % lower risk of repeat 
fracture was evident at 12 months, which was not 
statistically signifi cant. From 15 months onwards 
the risk was 28 % lower, increasing to 56 % lower 
by 24 months, both results achieving statistical 
signifi cance. In terms of mortality – after correc-
tion for age, sex and baseline fracture location – 
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35 % fewer patients died in the FLS Group as 
compared to the No FLS Group. Notably, mortal-
ity reduction was signifi cantly higher for women 
compared to men. If these fi ndings prove to be 
reproducible by other FLS, in addition to reducing 
refracture rates and saving money, the case could 
be made that FLS save lives.  

    Systematic Review of FLS 

 The most recent of several systematic reviews on 
FLS sought to determine how service structure 
relates to outcomes of care [ 54 – 56 ]. Ganda and 
colleagues classifi ed FLS according to the inten-
sity of service provided, as Type A through to 
Type D as indicated below [ 56 ]:

•    Type A – 3i FLS model:
 –    Identifi cation of fragility fracture patients 

and provision of education on osteoporosis 
and fracture risk to the patient.  

 –   Investigation, commonly including BMD 
testing.  

 –   Initiation of osteoporosis treatment where 
appropriate.     

•   Type B – 2i FLS model:
 –    Identifi cation.  
 –   Investigation.  
 –   Leaves the initiation of treatment for fragil-

ity fracture patients to the primary care pro-
vider (PCP).     

•   Type C – 1i FLS model:
 –    Identifi cation.  
 –   PCP is alerted that the patient has suffered 

a fracture and that further assessment is 
needed.  

 –   Leaves the investigation and initiation of 
treatment to the PCP.     

•   Type D – ‘Zero i’ FLS model:
 –    Only provides osteoporosis and fracture 

risk education to the fracture patient.  
 –   PCP is neither alerted nor educated on the 

need for secondary fracture prevention 
measures.       

 The proportion of fracture patients that under-
went BMD testing and received osteoporosis 

treatment is shown in Table  13.1 . Clearly, the 
intensity of service provision determines the 
rates for investigation and initiation of 
treatment.

   Currently, there is a lack of consensus regard-
ing what the ‘ideal’ osteoporosis treatment rate 
should be for fragility fracture patients. The 
National Institute for Health and Clinical 
Excellence (NICE) in the United Kingdom fi rst 
published guidance on secondary fracture pre-
vention for postmenopausal women in 2005 [ 57 ]. 
NICE estimated the proportion of women with 
new fragility fractures aged 50 years and over 
that could be treated according to their guidance, 
based on the following assumptions:

•    Approximately 50 % of fragility fractures 
occur in women over the age of 75 years, and 
25 % each in women aged 65–74 years and 
50–64 years.  

•   The proportion of women with new fragility 
fractures who are treated with bisphospho-
nates was 100 % in the age group over 75 
years, 60 % in the age group 65–74 years and 
20 % in the age group 50–64 years.    

 While estimates informed by absolute fracture 
risk assessment, rather than BMD and age alone, 
are likely to provide a better basis for ascertain-
ing what the ‘ideal’ treatment rate should be, it is 
likely to be in the range 50–70 %. Given that the 
majority of local, regional and national audits 
summarized on the IOF Capture the Fracture ®  

   Table 13.1    Intensity of FLS service provision and out-
comes of care   

 Model 
 BMD testing 
(%) 

 Osteoporosis treatment 
(%) 

  Type A : 
 3i FLS model 

 79  46 

  Type B : 
 2i FLS model 

 60  41 

  Type C : 
 1i FLS model 

 43  23 

  Type D : 
 Zero i FLS 
model 

 –  8 

  Adapted from Ganda et al. [ 56 ]. Reproduced with kind 
permission of Springer International Publishing AG  
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Program website report treatment rates of less 
than 20 % [ 28 ], the current situation globally is 
far from optimal.  

    Standards for FLS 

 During 2013–14, clinical or quality standards for 
FLS have been published [ 58 – 60 ]. These stan-
dards provide a quality framework which serves 
to illustrate what a high-performing FLS will 
deliver. Summaries of these documents are pro-
vided below:

•    International Osteoporosis Foundation: The 
IOF Capture the Fracture ®  Program Best 
Practice Framework (BPF) is based on 13 
globally endorsed clinical standards for FLS 
[ 58 ]. The BPF is structured to evaluate fi ve 
‘domains’ of an FLS, which relate to care of 
four fragility fracture groups (hip fracture, 
other inpatient fractures, outpatient fracture, 
vertebral fracture) and an organizational 
domain.  

•   Osteoporosis Canada:  Quality Standards for 
Fracture Liaison Services in Canada  describe 
seven key standards for FLS to deliver [ 59 ]. 
The quality standards are in compliance with 
the 2010 Osteoporosis Canada Guidelines 
[ 61 ] and the IOF BPF [ 58 ]. As of November 
2014, the quality standards had been endorsed 
by the Canadian Orthopaedic Association, the 
Canadian Orthopaedic Nurses Association, 
Bone and Joint Canada and the Canadian 
Rheumatology Association.  

•   National Osteoporosis Society (UK): In 
December 2014, the National Osteoporosis 
Society in the United Kingdom published a 
draft clinical standard for FLS for public con-
sultation [ 62 ]. These standards are based in 
the so-called ‘5IQ’ approach, which incorpo-
rates a standard relating to long-term 
management:
 –    Identifi cation: Finding fracture patients.  
 –   Investigation: Fracture and falls risk 

assessment.  
 –   Information: Educating patients on their 

fracture and falls risk.  

 –   Intervention: Drug treatments and non- 
pharmacological options.  

 –   Integration: Provision of long-term man-
agement plans to general practitioners and 
other health care professionals.  

 –   Quality: Ongoing audit of the FLS, con-
tinuing professional development and peer 
review.       

 The emergence of these standards provides 
established FLS throughout the world an oppor-
tunity to benchmark their performance against 
best practice. Recent efforts in New Zealand to 
drive nationwide adoption of FLS have benefi tted 
from the IOF BPF [ 63 – 65 ]. For healthcare pro-
fessionals and administrators who are developing 
new FLS, quality standards provide a helpful 
illustration of ‘what success looks like’ and so 
facilitates design of a service which aims to 
deliver best practice from the outset.  

    International and National FLS 
Initiatives 

 During the current decade a number of major ini-
tiatives intended to drive widespread implemen-
tation of FLS at the international and national 
levels have been developed and implemented:

•    International initiatives:
 –    International Osteoporosis Foundation: 

The IOF Capture the Fracture ®  Program 
aims to support implementation of FLS 
throughout the world. Key components of 
the Program include the Best Practice 
Framework clinical standards for FLS dis-
cussed above [ 58 ], a comprehensive web-
site with a suite of FLS resources [ 28 ] and 
a ‘map of best practice’ which enables 
sharing of best practice between FLS [ 48 ].  

 –   American Society for Bone and Mineral 
Research Task Force on Secondary Fracture 
Prevention: The ASBMR Task Force pub-
lished a comprehensive report on the prac-
ticalities of FLS implementation [ 66 ,  67 ]. 
Input from 65 leading healthcare profes-
sionals from 36 countries reinforced the 
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global relevance of FLS as a mechanism to 
eliminate the post-fracture care gap.  

 –   Australian and New Zealand Bone and 
Mineral Society: In 2015, the ANZBMS 
published a position paper on secondary 
fracture prevention, which called for wide-
spread implementation of FLS in both 
countries [ 68 ].     

•   National initiatives:
 –    Canada: Since 2011, Osteoporosis Canada 

(OC) has led calls for nationwide imple-
mentation of FLS [ 69 ,  70 ]. In 2013, OC 
published  Make the FIRST break the LAST 
with FLS  [ 8 ], which provided policymak-
ers, healthcare professionals and adminis-
trators with a comprehensive suite of tools 
to support FLS implementation and model 
the economic impact of fragility fractures.  

 –   New Zealand: In 2012, Osteoporosis New 
Zealand (ONZ) published  Bone Care 2020: 
A systematic approach to hip fracture care 
and prevention for New Zealand  [ 9 ]. The 
key components of the strategy included 
establishment of a NZ Hip Fracture Registry, 
to enable nationwide  benchmarking of 

Australian and New Zealand professional 
standards of acute hip fracture care [ 71 ], and 
implementation of FLS in all District Health 
Boards (DHBs) as illustrated in Fig.  13.2 . In 
2013, the Ministry of Health set an expecta-
tion that all DHBs implement an FLS [ 64 ].  

 –   United Kingdom: Almost one half of locali-
ties in the UK have established an FLS [ 72 –
 74 ]. The multisector initiatives which have 
underpinned this progress are described in 
detail elsewhere [ 75 ]. Osteoporosis and 
falls management after hip fracture have 
improved dramatically as a result of the 
National Hip Fracture Database [ 76 ] and (in 
England) a Department of Health funded 
fi nancial incentive which links delivery of 
professionally-defi ned standards of care 
[ 77 ] to reimbursement at the level of the 
individual patient [ 78 ].  

 –   United States: The National Bone Health 
Alliance (NBHA) is a public-private part-
nership launched in 2010 that brings 
together the expertise and resources of its 
member organizations to collectively: 
 promote bone health and prevent disease; 

Objective 1: Improve outcomes and quality
of care after hip fractures by delivering ANZ
professional standards of care monitored by
a new NZ National Hip Fracture Registry

Objective 2: Respond to the first fracture to
prevent the second through universal access
to Fracture Liaison Services in every
District Health Board in New Zealand

Objective 3: GPs to stratify fracture risk
within their practice population using fracture
risk assessment tools supported by local
access to axial bone densitometry

Objective 4: Consistent delivery of public
health messages on preserving physical
activity, healthy lifestyles and reducing
environmental hazards

Hip
fracture
patients

Non-hip fragility
fracture patients

Individuals at high risk of
1st fragility fracture or
other injurious falls

Older people

  Fig. 13.2    BoneCare 2020: a systematic approach to hip fracture care and prevention for New Zealand (Reproduced 
with kind permission of Osteoporosis New Zealand)       
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improve diagnosis and treatment of bone 
disease; and enhance bone research, surveil-
lance and evaluation [ 79 ]. NBHA is leading 
three major programs to improve secondary 
fracture prevention in the United States:
•    Fracture Prevention CENTRAL: The 

Fracture Prevention CENTRAL website 
provides a comprehensive suite of 
resources to support implementation of 
FLS [ 10 ]. An associated webinar series 
shares experience from established 
high-performing FLS with health pro-
fessionals and administrators who are 
developing services.  

•   2Million2Many: The 2Million2Many 
disease awareness campaign aims to 
drive awareness among the public that a 
fragility fracture is a sentinel event 
which should lead to osteoporosis 
assessment [ 80 ]. The ‘Cast Mountain’ 
installation shown in Fig.  13.3  has been 
displayed at medical conferences to 
highlight the 5500 fractures which occur 

every day among people aged 50 years 
and over in the United States.         

         Practical Steps to Implement an FLS 

 This section aims to provide readers with practi-
cal guidance on key steps in the implementation 
of a FLS. This material has been adapted from 
the corresponding section of the recently pub-
lished Fracture Liaison Service Resource Pack 
(with kind permission of Osteoporosis New 
Zealand) [ 65 ]. The international and national ini-
tiatives mentioned above are also recommended 
reading for health professionals and administra-
tors who are at the beginning of FLS develop-
ment for their institution or health system. 

    Multi-disciplinary Stakeholder Group 

 The fi rst step in implementation of a high- 
performing FLS is to establish a  multi- disciplinary 

  Fig. 13.3    NBHA cast 
mountain (thanks to 
NBHA for permission to 
reproduce)       
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 stakeholder group. The group should include rep-
resentation from all groups that will be impacted 
by the FLS, which is likely to include:

•    The ‘Lead Clinician in Osteoporosis’ for the 
institution or health system (usually an endo-
crinologist, rheumatologist, geriatrician or 
orthopaedic surgeon)  

•   A senior orthopaedic Surgeon with an interest 
hip/fragility fracture surgery  

•   A senior geriatrician or ortho-geriatrician  
•   A senior radiologist or nuclear medicine 

specialist  
•   Relevant specialist nurses, physiotherapists 

and other Allied Healthcare Professionals  
•   Information Technology personnel responsi-

ble for development/installation of a FLS 
database  

•   Representatives from local hospital and pri-
mary care medicines management teams  

•   Representatives from local primary care- 
based service commissioning/business man-
agement groups  

•   Representatives from local family medicine/
general practice groups  

•   A representative from the local public health 
organization  

•   A patient representative from a local/national 
osteoporosis society     

    Quality Improvement Methodology 

 The next step is to utilise a quality improvement 
methodology, such as Plan-Do-Study-Act 
(PDSA), which has been applied to FLS develop-
ment [ 81 ]. This methodology will facilitate initial 
FLS design and a structured approach to continu-
ous quality improvement:

•    Plan
 –    Conduct baseline audit to quantify the sec-

ondary fracture prevention care gap
•    Quantify the number of patients aged 

over 50 years who attend with fragility 
fracture  

•   Determine what proportion of patients 
aged over 50 years receive secondary 
prevention post-fracture  

•   Review any data from previous local 
audits of fragility fracture care     

 –   Design prototype service to close the care 
gap
•    Agree the scope of the FLS and 

objectives  
•   Identify a reliable process for identifi ca-

tion of fracture patients  
•   Agree protocols for wards and fracture 

clinics     
 –   Ensure algorithms and protocols are agreed 

with all stakeholder groups before FLS 
clinics are initiated  

 –   Agree all documentation and communication 
mechanisms within hospital and with family 
medicine doctors/general practitioners  

 –   Develop a FLS business plan with all costs 
included  

 –   Engage with institution/health system 
management and/or healthcare commis-
sioners to fund prototype FLS phase     

•   Do
 –    Implement prototype FLS model of care  
 –   Collect audit data throughout prototype phase     

•   Study
 –    Analyse improvement in provision of sec-

ondary preventive care from audit  
 –   Refi ne prototype FLS model of care to 

improve performance     
•   Act

 –    Implement changes and monitor perfor-
mance improvement  

 –   Agree long-term funding of FLS with insti-
tutional/health system management  

 –   Repeat PDSA cycle through continuous 
ongoing audit and review        

    Operational Issues 

 As described previously, the primary purpose of a 
FLS is to identify fracture patients and provide 
them with information on why osteoporosis is of 
signifi cance to them, to ensure that appropriate 
investigations are undertaken to determine future 
fracture risk, and to initiate osteoporosis treat-
ment, where warranted, and ensure that interven-
tions to reduce falls risk are deployed where 
appropriate. 
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    Identifi cation of Fracture Patients 
 Whilst information technology has impacted dra-
matically on healthcare in general in the last 15 
years, and so will often now render case-fi nding of 
fracture patients a comparatively simple task, pub-
lished approaches to fracture patient case- fi nding 
by FLS merit consideration. These include:

•    For patients managed as inpatients:
 –    Regular visits by the Fracture Liaison Nurse 

(FLN) to the orthopaedic wards with ortho-
paedic ward staff maintaining a list of frac-
ture admissions in between FLN visits [ 32 ]  

 –   Attendance by the FLN at daily trauma 
team meetings [ 82 ]  

 –   A care pathway/protocol for direct referral 
from orthogeriatric services  

 –   IT systems such as the Emergency Department 
weekly fracture report at the Royal Newcastle 
Centre and John Hunter Hospital in New 
South Wales [ 83 ], Kaiser Permanente’s 
HealthConnect® [ 84 ] or FITOS® (Fracture 
Identifi cation Tool for Orthopaedic Surgeons, 
RioMed Limited, UK) [ 85 ]     

•   For patients managed as outpatients:
 –    Routine attendance by the FLN at fracture 

clinics [ 32 ,  86 ]  
 –   Face-to-face interaction with a medical 

registrar [ 87 ]  
 –   ‘Link-nurses’ – Provision of a daily regis-

ter of new fracture patients by fracture 
clinic nurses [ 32 ]  

 –   IT systems such as the Emergency Department 
weekly fracture report at the Royal Newcastle 
Centre and John Hunter Hospital in New 
South Wales [ 83 ], Kaiser Permanente’s 

HealthConnect® [ 84 ] or FITOS® (Fracture 
Identifi cation Tool for Orthopaedic Surgeons, 
RioMed Limited, UK) [ 85 ]       

 Vertebral fractures are the most common frac-
ture caused by osteoporosis, yet frequently do not 
come to clinical attention [ 88 ]. Reasons for this 
include [ 89 ]:

•    The nature of the clinical presentation of ver-
tebral fracture  

•   Vertebral fractures are often overlooked on 
X-Rays  

•   Vertebral fracture can be overruled by a diag-
nosis with a poor prognosis  

•   The clinical relevance of vertebral fracture 
may be overlooked    

 As illustrated in Table  13.2 , a consequence of 
this issue is that only a small proportion of 
patients managed by FLS have suffered vertebral 
fractures [ 32 ,  33 ,  46 ,  81 ,  83 ,  90 – 92 ].

   Several approaches have been undertaken to 
improve opportunistic identifi cation of vertebral 
fractures:

•    Vertebral Fracture Assessment (VFA): VFA 
technology is available on most modern bone 
densitometers. Dutch investigators undertook 
VFA when patients underwent DXA scan 
[ 93 ]. Just over a quarter of patients (26 %) had 
a vertebral fracture, of which 68 % were previ-
ously unrecognized.  

•   Digitalized chest radiographs: Analysis of 
digitalized chest radiographs stored on the 
Taipei Veterans General Hospital Radiology 

   Table 13.2    Vertebral fractures make up a small proportion of fractures identifi ed by FLS   

 Country  FLS  Vertebral fractures (%)  Reference 

 Australia  Royal Newcastle  1.6  Giles et al. [ 83 ] 

 Canada  St. Michael’s, Toronto  1.7  Bogoch et al. [ 33 ] 

 Netherlands  Eindhoven  5.4  Blonk et al. [ 90 ] 

 Switzerland  University Hospitals of 
Geneva 

 5.5  Chevalley et al. [ 46 ] 

 UK  Cambridge  0.1  Premaor et al. [ 91 ] 

 UK  Glasgow  2  McLellan et al. [ 32 ] 

 UK  Ipswich  1.8  Clunie and Stephenson [ 92 ] 

 USA  University of Wisconsin  6.1  Harrington et al. [ 81 ] 

  Reproduced with kind permission of Optasia Medical Ltd.  
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Information System in Taiwan showed the 
prevalence of unrecognized vertebral fracture 
to be 18.2 % [ 94 ].  

•   Computed Tomography (CT): Reformatting 
data from CT examinations of the chest or 
abdomen provided investigators in New 
Zealand with a means to identify vertebral 
fractures [ 95 ]. Amongst 175 consecutive 
patients aged over 65 years who had under-
gone CT, the prevalence of vertebral fractures 
was 13 %. The majority (77 %) of these frac-
tures were previously unknown.  

•   Magnetic Resonance Imaging (MRI): MRI 
scans used for detection of breast cancer by 
Italian investigators provided a means to 
case- fi nd vertebral fractures [ 96 ]. Vertebral 
fractures were identifi ed in 9 % of patients, 
of which less than 12 % were previously 
known.    

 Once FLS have eliminated the secondary pre-
vention care gap for patients presenting with clini-
cally obvious fragility fractures, the approaches 
above could be integrated into FLS protocols to 
improve identifi cation rates for vertebral fractures.   

    Investigation and Initiation 
of Interventions by FLS 

 The approach taken to investigation of fracture 
patients and initiation of interventions to reduce 
secondary fracture risk will vary between coun-
tries, as these aspects of care will be described in 
national clinical guidelines. For FLS established 
in countries without specifi c clinical guidelines 
examples from Australia [ 97 ], Canada [ 61 ], the 
UK [ 98 ,  99 ] and the United States [ 100 ] could 
inform practice and provide a basis for develop-
ment of country-specifi c guidance. 

 As has been reported for hypertension and 
hyperlipidaemia, adherence and persistence with 
osteoporosis treatments routinely diminishes to 
50 % within 1 year of initiation [ 101 ]. This issue 
has been recognized in the UK clinical standard 
for FLS within the ‘5IQ’ approach discussed pre-
viously [ 62 ]. Provision of long-term manage-
ment plans to family medicine doctors/general 

practitioners and other health care professionals 
is essential if the impact of FLS on secondary 
fracture rates is to be optimised.      
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         Introduction 

 Severe disability, end stages of chronic diseases, 
poor social/familial support, and severe cognitive 
impairment, are considered as major determi-
nants of admission of older people into long- 
term care institutions (LTCI) [ 1 ], as these 
conditions make elderly patients unable to cope 
with their life in the community thus requiring a 
higher amount of assistance in their activities of 
daily living [ 1 ]. Therefore, 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. It is considered one of 
the major “Geriatric Syndromes” (See Chap.   7    ) 

not only because its incidence increases with age 
but also because it predisposes to the occurrence 
of fractures and disability. Despite evidence that 
osteoporosis is highly prevalent in LTCI; it 
remains underdiagnosed and undertreated [ 2 – 8 ]. 
It is unfortunate because the higher prevalence of 
osteoporotic fractures [ 4 ,  8 ] has a signifi cant 
impact on quality of care [ 9 ,  10 ] and, most impor-
tantly, on patient quality of life and mortality [ 9 ]. 
Even if awareness on the importance of osteopo-
rosis in LTCI has grown in recent years, the effec-
tiveness of the current treatments, although 
strongly validated in non- institutionalized seniors, 
has not been established in the LTCI population 
[ 11 – 13 ]. In this chapter, we will review the cur-
rent considerations that should be made concern-
ing the treatment of osteoporosis in LTCI. A 
comprehensive review of the literature is made, 
followed by a series of recommendations for the 
treatment of osteoporosis in LTCI, taking into 
account the unique aspects of this particular 
population.  

    The Particular Characteristics 
of the LTC Environment 

 Nursing homes play a pivotal role in caring for 
the frail population of older adults. In some coun-
tries, long-term care is differentiated according to 
the level of care required by their residents. 
Whereas low level of care institutions sometimes 
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refer to “hostels” and high level of care as “nurs-
ing homes”, for the purposes of this Chapter we 
will use the generic term of LTCI for both types 
of institutions. While the risk factors for osteopo-
rosis may differ from a high and low level of care 
[ 12 ], the prevalence and relevance of risk factors 
for osteoporosis in these populations is similar 
(Table  14.1 ).

   Although results vary among different coun-
tries and health systems, the prevalence of osteo-
porosis in LTCI – mostly determined using bone 
mineral density (BMD) criteria – ranges from 
50 % of men to 80–85 % in women [ 14 – 16 ]. In a 
prospective cohort of white female nursing home 
residents (n = 1427) over 18 months [ 16 ], a total 
of 223 osteoporotic fractures occurred among 
180 women. Low BMD and transfer dependence 
were the most signifi cant risk factors for  fractures. 
In addition, among residents dependent on trans-
fer, those with a BMD below the median had 
more than a threefold increase in fracture risk 

when compared with other transfer-dependent 
residents. These and other subsequent reports 
[ 17 – 20 ] have highlighted the importance of 
dependence in transfer as a risk factor for osteo-
porosis in this population, independently of 
BMD. In some cases, transfer dependence was 
secondary to previous osteoporotic fractures with 
a history of previous fractures being highly pre-
dictive of subsequent fractures [ 21 ,  22 ]. 

 In addition, osteoporotic fractures in LTCI 
have a signifi cant economic impact. Costs asso-
ciated with fractures include (but are not limited 
to) higher levels of medical and nursing care, 
use of analgesics, higher involvement of allied 
health professionals, and complex management 
of medical complications associated with frac-
tures. Overall, these costs surpass the cost of 
treating osteoporosis in a population of LTCI at 
high risk of fractures. For instance, a study of 
nursing home residents in 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 [ 23 ]. 
This signifi cant burden on the health system 
also has an important impact on medical expen-
ditures and health budgets, representing 28.2 % 
of total expenditures for the treatment of osteo-
porotic fractures in the American population 
[ 23 ,  24 ].  

    How to Diagnose Osteoporosis 
in LTCI 

 The diagnosis of osteoporosis in community- 
dwelling populations is usually made after a min-
imal trauma fracture occurs and/or after BMD 
quantifi cation shows low bone mass (more than 
2.5 SD below the value for young normals). 
Based on these criteria, clinicians identify those 
subjects who are at high risk of fi rst or subse-
quent osteoporotic fractures. In settings where 
BMD is not available, the use of other risk factors 
such as history of fracture could provide enough 
evidence to recommend treatment, independently 
of BMD results [ 25 – 27 ]. This concept is 
 particularly relevant for LTCI for several reasons, 

   Table 14.1    Risk factors for osteoporotic fractures   

  General population  

 Low bone strength (by either DXA or ultrasound) 

 Female gender a  

 Older age a  

 Maternal history of fracture 

 History of previous fractures a  

 Previous hyperthyroidism 

 Diabetes mellitus 

 Psychotropic medication use 

 Greater caffeine use 

 Postural instability a  

  Institutionalized older persons (all the previous list, 
plus)  
 Male residents a  

 Low serum vitamin D a  

 Bowel or bladder incontinence a  

 Cognitive impairment a  

 Use of anxiolytics a  

 Poorer balance a  

 Ambulatory a  

 High serum phosphate a  

  Adapted from Chen et al. [ 52 ] 
  a Higher hazard ratio in institutionalized older persons  vs.  
community dwelling individuals  
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because BMD testing may not be practical owing 
to the diffi culty in mobilizing patients for trans-
port to a facility with BMD equipment due to 
logistics, or mobility and behavioral problems 
that interfere with BMD testing. In addition, the 
performance of a BMD test has not been shown 
to modify physicians’ therapeutic decision- 
making in the treatment of osteoporosis in resi-
dents of LTCI. Gupta and Aronow [ 28 ] reported 
that only 49 % of 136 post- menopausal women 
in a nursing home population had BMD measure-
ments. Of these 66 women, 31 (47 %) had osteo-
porosis, 21 (32 %) had osteopenic BMD, and 14 
(21 %) had normal BMD. Most importantly, only 
55 % of patients with documented osteoporosis 
were treated. Other studies have reported a simi-
lar situation [ 5 ,  29 ]. This evidence illustrates the 
underuse of both diagnostic and therapeutic 
approaches for osteoporotic patients in LTCI, 
even in residents with low BMD or previous his-
tory of minimal trauma fractures, the critical 
population in which osteoporosis treatment might 
be considered. 

 The reasons why health care providers largely 
ignore the diagnosis or treatment of osteoporosis 
in the LTC setting are poorly understood. 
However, some studies have attempted to eluci-
date the thought process of the clinician when 
deciding about osteoporosis assessment and 
treatment in residents of LTCI. Colon-Emeric 
et al. [ 8 ] found that factors associated with initia-
tion of any bone protection (medication or hip 
protectors) in institutionalized populations 
included female gender and rural/suburban loca-
tion. In contrast, residents with esophagitis, pep-
tic ulcer disease, and alcohol abuse were less 
likely to receive treatment. In a recent study by 
the same group [ 30 ], the authors use a cluster- 
randomized, single-blind, controlled trial of a 
multimodal quality improvement intervention. 
Nursing homes (n = 67) with > or =10 residents 
with a diagnosis of osteoporosis or recent hip 
fracture (n = 606) were randomized to receive an 
early or delayed intervention consisting of audit 
and feedback, educational modules, teleconfer-
ences, and academic detailing. Prescription of 
osteoporosis therapies before and after the 

 intervention period was measured. Despite these 
interventions, no signifi cant improvements were 
observed in any of the quality indicators (use of 
treatment and/or hip protectors). Only a direct 
physician contact by an academic detailer was 
signifi cantly associated with prescription of 
osteoporosis pharmacotherapy or hip protectors 
in multivariable models, thus suggesting that 
close guidance and clear guidelines could consti-
tute effective interventions to increase awareness 
of the importance of the diagnosis and treatment 
of osteoporosis in this high-risk population. 

 Looking for an alternative approach to the 
assessment of BMD and/or risk of fractures in 
institutionalized patients, Elliot et al. used ultra-
sound to quantify bilateral calcaneal BMD in 49 
institutionalized women aged 68–100 years and 
correlated these measures with their serum vita-
min D levels [ 31 ]. Using this more mobile diag-
nostic method, which does not rely on ionizing 
radiation, the authors found that osteoporosis 
was highly prevalent (59 %) and poorly docu-
mented in the patient’s medical record. Overall, 
although ultrasound has a number of limitations 
as a diagnostic method for osteoporosis, which 
includes operator’s experience and variability 
between different machines, it could be a good 
alternative to DXA for the diagnosis and, in 
some cases, the follow-up of patients with osteo-
porosis in LTCI. 

 In summary, osteoporosis is clearly underdi-
agnosed and undertreated in LTCI [ 32 ]. 
Considering the implications that osteoporotic 
fractures have on morbidity and mortality, it is 
pivotal to establish a unifi ed approach to identify 
patients at risk and to treat them appropriately. 
Usual risk algorithms could have the risk of over-
diagnosing risk in this population [ 25 ], therefore, 
from a diagnostic point of view, and in absence of 
risk algorithms specifi c for LTCI residents, diag-
nosis of osteoporosis should be based on a com-
bination of risk factors, previous history of 
minimal trauma fractures, clinical fi ndings 
(kyphosis, clinical fractures), radiological fi nd-
ings, and height reduction. The therapeutic 
decision- making process will be reviewed further 
in this chapter.  
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    Who Should Be Treated? 

 Two consensus conferences, one in Canada [ 33 ], 
and one in Australia [ 12 ] are concordant in their 
conclusions that osteoporosis in LTCI should be 
identifi ed and treated. The question remains as to 
who should be treated and under what criteria? 

 Indeed, prevention of osteoporotic fractures is 
considered a quality indicator for nursing home 
care in several countries. In the United States, a 
national panel of nursing home experts devel-
oped a set of specifi c care processes associated 
with better outcomes for general medical condi-
tions, including osteoporosis [ 32 ]. A ballot-based 
selecting process included rating validity (pro-
cess associated with improved outcomes), feasi-
bility of measurement (with charts or interviews), 
feasibility of implementation (given staffi ng 
resources in average community LTCI), and 

importance (expected benefi t and prevalence in 
LTCI). Among the 114-quality indicators identi-
fi ed during this exercise, seven were specifi cally 
suggested for osteoporosis (Table  14.2 ).

   However, the evidence suggests that despite 
being an indicator of poor care, osteoporotic frac-
tures are still highly prevalent in LTCI while the 
number of high-risk patients receiving any osteo-
porosis treatment is very low [ 34 ]. Studies in sev-
eral populations of prescribers have identifi ed the 
most important factors that prevent the use of 
osteoporosis treatment in LTCI:

    Length of Treatment Versus Patient Life 
Expectancy and/or Prognosis  – The mean sur-
vival time of institutionalized elderly residents 
varies from site to site based on the complexity 
of the concurrent diseases, quality of care, and 
mean age. In Australian nursing homes, the 

   Table 14.2    Quality indicators for osteoporosis care in LTCI in USA   

 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 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 

  Adapted from Ref. [ 32 ]  
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average length of stay is about 2.5 years [ 35 ], 
which closely corresponds with Canadian 
reports [ 36 ]. Within this period, residents of 
LTCI at high risk of falls and fractures will 
very likely suffer at least one osteoporotic frac-
ture during their stay. Considering that most 
current osteoporosis treatments have an effect 
on fracture prevention within 6–8 months and 
that the number needed to treat decreases with 
age [ 37 ], it is important to re- emphasize the 
importance of initiation of osteoporosis treat-
ment (both preventive and therapeutic) in this 
high-risk population, which should have a sig-
nifi cant impact on fracture reduction in the 
LTCI setting independent of the resident’s 
expected length of stay.  

   Adherence  – Adherence to osteoporosis medications 
is an important problem in ambulatory elderly 
patients [ 38 ,  39 ]. Approximately 20–30 % of 
patients abandon their treatment within 6–12 
months after beginning therapy [ 38 ,  39 ]. Reasons 
associated with non- adherence include side 
effects of medication, 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, regularly followed up by pharma-
cists. No data is available regarding adherence 
with osteoporotic treatments in LTCI. However, 
re-evaluation of drug therapy should be done 
periodically, especially when LTC residents 
refuse to take their medications, or when nurses 
have to crush or modify the dosage form for the 
resident to take his medications. In addition, 
development of parenteral presentations for 
osteoporosis treatments (intravenous and subcu-
taneous) is expected to improve adherence in this 
population [ 40 ].  

   Tolerability  – Tolerability to osteoporosis treat-
ment is usually good. To decrease constipa-
tion 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 elemental calcium twice 
per day and then three times per day [ 41 ]. 
Vitamin D has not been associated with side 
effects or toxicities [ 41 – 44 ]. However, and 
despite good tolerability and low risk of side 

effects, adherence to vitamin D and calcium in 
LTCI remains low. In a study performed at a 
major LTCI in USA, Hamid et al. [ 44 ] reported 
that most of the residents were not supple-
mented adequately with calcium and vitamin 
D, despite the fact that vitamin D defi ciency 
was documented in their blood tests. 

 Oral bisphosphonates, although used less fre-
quently lately, are usually well tolerated if spe-
cifi c administration requirements are followed. 
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 
can develop, particularly if administration 
requirements are not followed properly. Overall, 
oral bisphosphonates should be avoided in 
patients with esophageal strictures, achalasia, or 
untreated symptomatic acid refl ux [ 45 ]. Indeed, 
with the more frequent use of parenteral, better-
tolerated treatments for osteoporosis, their use 
is becoming popular in LTCI. While subcutane-
ous injection of Denosumab is easy and usually 
innocuous, administration of IV bisphospho-
nates is easy in settings where infusions are a 
common practice. 

 With the exception of initial fl u-like symptoms, 
which occur in a minority of patients, both 
Denosumab and Zoledronic Acid are well tol-
erated. Indications for treatment and side 
effects in the long term, are reviewed in a later 
section of this Chapter.  

   Pharmacoeconomics  – Preventing and treating 
osteoporosis in LTCI may represent an eco-
nomic burden on 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 consideration. From a 
different perspective, vertebral, or more impor-
tantly, hip fractures, represent an enormous 
burden for institutions and society because of 
factors such as use of analgesic treatments, 
functional and cognitive  deterioration, and use 
of more nursing staff. Not only does fracture 
occurrence indicate poor quality of manage-
ment [ 32 ], but also it results in greater fi nancial 
losses. Some reports suggest that preventing 
and treating osteoporosis to prevent hip frac-
tures in LTCI is cost effective when used in a 
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high-risk population and when all the afore-
mentioned considerations are made [ 46 ,  47 ].  

   Polypharmacy or Appropriate Use of Medication  – 
Polypharmacy is highly prevalent in LTCI [ 48 ]. 
Physicians working in LTCI should periodically 
review the indications of the medications pre-
scribed to their patients at and after admission. 
The physician in collaboration with the pharma-
cist and other members of the team should per-
form a regular systematic medication review. 
Additionally, a list of medical problems should 
be included in the patient’s chart to document 
any new active medical problem. Although 
there has been a prevailing advocacy of “depre-
scribing” medications after admissions to LTCI 
[ 49 ], if the patient is at high risk of fracture (as 
per risk factors mentioned above and in 
Table  14.3 ), and if there is a clear indication, 
osteoporosis treatment should be maintained in 
LTCI residents. In fact, discontinuation of 
osteoporosis treatment in LTCI residents may 

have important health consequences. There is 
no  evidence that continuation of osteoporosis 
treatment in LTCI has a deleterious effect or 
potential interactions with other medications. In 
addition, it is well documented that discontinu-
ation of vitamin D, calcium, and even bisphos-
phonates is followed by changes in bone 
markers that suggest an increase in bone resorp-
tion, which will affect bone mass and predis-
pose to fractures [ 50 ]. Overall, and unless clear 
contraindications are present, there is wide 
agreement that the benefi ts of preventing a frac-
ture in high-risk patients surpass the consider-
ations for discontinuation of treatment [ 12 ,  33 ].

          Assessment of Osteoporosis 
and Fracture Risk in LTCI 

    General Guidelines 

•     Comorbidities, risk factors, and life expec-
tancy 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 
(Table  14.3 ). A plan of action regarding dis-
continuation of medications that can induce 
falls should be implemented.  

•   Bed-ridden residents unable to mobilize 
should be excluded from pharmacologic treat-
ment of osteoporosis. However, considering 
that they are still at risk for fractures that occur 
with transfer from bed to chair or even lifting, 
adequate nutrition and care with lifting and 
transferring should always be considered.  

•   The resident’s opinion and/or that of the 
responsible party for health care decisions 
must be always considered (advantages and 
disadvantages) regarding treatment option for 
osteoporosis.     

    Screening 

•     Even though BMD screening for all residents 
65 years and older has been recommended, 

     Table 14.3    Falls prevention, recommendations   

 On admission to LTCI, an evidence based screen for fall 
risk should be under taken with clear links to intervention 

 Risk assessment should be repeated every 6 months or 
in the event of a fall 

 Evidence of screening and delivery of evidence based 
falls prevention strategies should be included as part 
of LTCI facilities accreditation processes 

 Medication should be reviewed by a pharmacist in 
association with the General Practitioner annually to 
identify medication-related problems and ensure 
appropriate prescribing 

 Psychotropic medications should specifi cally be 
reviewed in relation to falls risk. Benzodiazepines 
should be actively avoided in older people 

 Multifactorial comprehensive assessment linked to 
tailored intervention should be routine practice in LTCI 

 Exercise as part of a multi-factorial intervention is 
recommended. Exercise must challenge balance and 
be under taken at least twice weekly (caregivers 
should be encouraged to assist) 

 Environmental assessment, which assesses the safe 
interaction of a resident with their environment, 
should be part of a multi-factorial intervention 

 Hip protectors may be used as part of a multi factorial 
intervention, although their effi cacy has not been well 
established, the actual types of pads have not been 
well characterized as to effi cacy, and adherence may 
be challenging 

 Use of physical, mechanical and chemical restraint is 
not recommended as a falls prevention strategy 
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logistical considerations often preclude the 
health care team from implementing this in 
clinical practice. Considering the age and 
functionality of patients admitted to LTCI, it is 
often impossible to perform a BMD test. If 
possible, residents with risk factors should be 
assessed for osteoporosis using either DXA or 
ultrasound.  

•   Two risk assessment tools have been proposed 
to facilitate the identifi cation of fracture risk 
in community dwelling individuals. The 
FRAX [ 25 ] and the Garvan [ 51 ] fracture risk 
assessment tools have become pivotal in clos-
ing the care gap in osteoporosis. However, 
these tools have been validated in predomi-
nantly community dwelling populations; their 
applicability to residents of LTCI, who have a 
different risk profi le to community popula-
tions, remains unknown.  

•   In their analysis of the FREE study data Chen 
et al. have developed and validated [ 52 ] an 
algorithm to identify fracture risk in nursing 
home residents. This algorithm integrates eas-
ily assessed clinical risk factors to predict the 
risk of fractures in frail older people 
(Table  14.3 ), which is a population that closely 
correspond to the average resident at LTCI.     

    Laboratory Tests 

•     There is no evidence to indicate that biochem-
ical bone markers are useful in this type of 
setting.  

•   It is suggested that secondary causes of both 
osteoporosis and falls risk should be ruled out 
with the following tests on admission: serum 
calcium, vitamin D, PTH, thyroid stimulating 
hormone (TSH), serum creatinine in all resi-
dents, also including testosterone measure-
ments in men [ 53 ].      

    Treatment of Osteoporosis in LTCI 

    Indications for Starting Treatment 

•     Patients with high absolute risk factors for 
fractures (as per risk algorithms), even though 

BMD is unknown or not done because of 
logistical problems.  

•   Osteoporosis detected by densitometry.  
•   A previous history of minimal trauma (fragil-

ity) fractures.  
•   Residents who suffer new minimal trauma 

fractures on site.     

    Non-pharmacological Interventions 

 Some studies have demonstrated that non- 
pharmacological interventions are effective for 
reducing the number of fractures in elderly indi-
viduals [ 54 – 56 ]. Increasing dietary calcium and 
assuring appropriate physical activity [ 57 ] and 
sun exposure is highly feasible at LTCI. Although 
some studies have reported contradictory results 
in LTCI residents, the use of hip protectors has 
been shown to prevent hip fractures and improv-
ing the quality of life in this population [ 54 ]. 
However, compliance has been an issue in most 
of those studies, even when patients and staff are 
educated on the subject and after free distribution 
of hip protectors amongst residents [ 55 ]. In addi-
tion, it is not well documented which hip protec-
tor is the best to use.  

    Pharmacological Interventions 

    Calcium and Vitamin D (Table  14.4 ) 
    Calcium and vitamin D supplements should be 
prescribed in institutionalized elderly residents if 
they are not able to attain the recommended daily 
allowance from foods to decrease or prevent the 
risk of osteoporotic fractures, including hip frac-
tures [ 12 ,  41 ,  43 ,  56 ,  58 ]. Levels of vitamin D 
defi ciency in LTCI residents is potentiated by 
their low level of sun exposure [ 59 ,  60 ], however, 
it is extremely diffi cult to correct serum vitamin 
D by simply exposing residents to sunlight [ 61 ] 
therefore supplementation is still needed. As an 
additional benefi t of supplementing vitamin D in 
LTCI residents, there is evidence that vitamin D 
supplementation at a dose of 800 IU/day reduces 
the risk of falls through improvements in muscle 
strength [ 62 ]. Preparations of vitamin D can be 
used from 10,000 IU a week or 50,000 IU every 
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month. In LTCI, this can decrease nursing time in 
terms of medication administrations without 
affecting its effi cacy or toxicity [ 41 ]. 

 Adequate calcium nutrition should be part of a 
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 decreased gastric secretion, 
and many 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 facili-
tate adherence, because the tablets size is 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 consti-
pation. It can be decreased by slowly titrating 
the dose from once daily for a few weeks to 
twice then three times daily. Finally, calcium 
supplement can decrease the absorption of 
some medications that are frequently used in 
the LTCI setting (i.e. quinolones, tetracycline, 
levothyroxine, etc.). Managing this drug inter-
action can be done by spacing the time of 
administration of calcium by at least 2 h.  

    Anti-resorptives (Tables  14.5  and  14.6 ) 
     Anti-resorptives currently used in clinical prac-
tice include oral (alendronate, risedronate and 
ibandronate) and intravenous bisphosphonate 
(zoledronate) and subcutaneous Denosumab. 
Other anti-resorptives such as estrogens and 
selective estrogen receptors modulators are not 

    Table 14.4    Vitamin D and calcium supplementation rec-
ommendations [ 41 ,  43 ,  60 ,  71 ]   

  Vitamin D  

 Supplementation should be universal 

 Optimal 25(OH)D concentration should be 
>75 nmol/L in this high risk population 

 Dose equivalent to 1000 IU/day (25 mcg/day) 
necessary to achieve this target 

 Acceptability likely to be higher with monthly dosing 

 Sunlight exposure should be encouraged 

  Calcium  

 General endorsement of calcium supplements is not 
appropriate 

 Long term compliance with calcium is very poor 

 Anti-fracture effi cacy of calcium supplements is 
marginal 

 Calcium supplement alone may increase the risk of 
cardiovascular disease 

 Increased dietary calcium should be encouraged in 
place of calcium supplements 

   Table 14.5    Pharmacological prevention of fractures in LTCI residents vs. community-dwelling older persons   

 Agent  Dose 
 Evidence in LTCI/frail older 
subjects 

 Cholecalciferol  800 IU/day (oral)  Yes (Fx prevention) 

 Alendronate  70 mg/weekly (oral)  Yes (only BMD) 

 Risedronate  35 mg/weekly or 150 mg/monthly 
(oral) 

 No 

 Zoledronate  5 mg/annually (IV)  Yes (only BMD) 

 Teriparatide  40 μg/day (SC)  No 

 Denosumab  60 mg every 6 months (SC)  No 

 Strontium Ranelate  2 g/day (oral)  No 

  Adapted from Duque et al. [ 12 ]  
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recommended due to either side effects or lack of 
superiority against other most effective 
medications. 

 Bisphosphonates are the most commonly used 
medications for fracture prevention in the general 
population. The evidence supporting the use of 
oral bisphosphonates in institutionalized older 
persons is limited to just one randomized con-
trolled study, which demonstrated the utility of 
alendronate in improving BMD in nursing home 
residents [ 63 ]. A particular limitation of oral 
bisphosphonates in the LTCI environment is the 
fact that adherence may be affected by the admin-
istrative burden on both nursing staff and patients 
due to complex directions for administration, dif-
fi cult administration to patients with cognitive 
impairment, and a high prevalence of swallowing 
problems among residents [ 64 ]. In this setting, 
intravenous bisphosphonates represent a useful 

alternative to oral bisphosphonates due to the 
lack of gastrointestinal side effects, prolonged 
dose intervals (1 year) and 100 % adherence over 
12 month intervals or longer if less frequent dos-
ing is favored. In fact, a recent study by Greenspan 
et al. [ 65 ] tested the effect of a single dose of 
zoledronic acid in 165 frail older women (65 year 
and older) living in nursing homes and assisted- 
living facilities. Although not powered to deter-
mine an effect on fracture reduction, one dose of 
zoledronic acid improved BMD over 2 years, an 
effect that is expected to reduce fracture risk in 
this population. 

 In terms of Denosumab, no studies have been 
performed testing the effect of this compound on 
either BMD or fracture reduction in LTCI. 
Nevertheless, Denosumab has demonstrated a 
signifi cant anti-fracture effi cacy in the older 
(older than 75) subgroup of participants in the 
FREEDOM Study [ 66 ]. As additional benefi ts of 
this anti-resorptive, Denosumab is administered 
subcutaneously thus saving staff time, it has a 
lower incidence of immediate side effects (i.e. 
less fl u-like symptoms), and better biosafety in 
patients with low renal function [ 67 ], which con-
stitute a signifi cant majority of residents at LTCI. 

 The number of potential side effects associ-
ated with anti-resorptives is a common concern 
of physicians when deciding on an osteoporosis 
treatment. Assuring that the serum levels of vita-
min D are above 50 nmol/L and that serum cal-
cium is within normal levels will prevent some of 
the immediate side effects of these medications 
[ 68 ]. In terms of long-term side effects (usually 
occurring after several years of treatment), osteo-
necrosis of the jaw (ONJ) and atypical fractures 
are the potential side effects of most concern. 
Although there are no reports on the prevalence 
of ONJ in nursing home patients treated with 
anti-resorptives, a recent international consensus 
conference [ 69 ] concluded that the risk of ONJ 
associated with oral bisphosphonate therapy for 
osteoporosis was low and that routine pretreat-
ment dental assessment should only be performed 
in patients at high risk (i.e. cancer patients receiv-
ing IV bisphosphonates) and is not a cost-benefi t 
option for all patients treated for osteoporosis. In 
addition, a recent task force organized by the 

   Table 14.6    Anti-resorptives recommendations   

 Put on calcium/vit D (see Table  14.4 ) 

 Parenteral anti-resorptives (Zoledronic acid or 
Denosumab) should be considered as fi rst choice in 
LTCI 

 If oral bisphosphonate is started, recognize practical 
issues preventing successful uptake of the medication 
including: 

   Swallowing/upper GI side effects/compliance in 
patients 

   Correct oral dosing is variable due to logistics and 
practical considerations 

   Recommend education of nursing staff by 
pharmacists on oral BP dosing 

 Check 25(OH)D, Ca, and eGFR before using 
Zoledronic acid or Denosumab 

  Fracture occurring on anti-resorptive therapy  

 Consider using teriparatide if fracture occurs after 12 
months on BP therapy 

  Side effects of anti-resorptive therapy  

 Oral BPs should not be used in patients with 
dysphagia or disordered swallowing 

 Acute phase reaction post IV BP or SC Denosumab 
can be managed with paracetamol 

 ONJ is rare (between 1 in 10,000 and <1 in 100,000), 
good dental care is recommended 

 Atypical femoral fractures are unlikely to be of 
concern in this group with the low total duration of BP 
therapy 

 Treatment should be reviewed after 5 years 
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American Society for Bone and Mineral Research 
[ 70 ] concluded that although the relative risk of 
patients with atypical fractures taking anti- 
resorptives is high, the absolute risk of atypical 
fractures in patients on anti-resorptives is low. 
Considering that this side effect is associated 
with the prolonged use of anti-resorptives, it is 
very unlikely that a LTCI resident newly started 
on anti-resorptives would present this side effect. 
Nevertheless, in patients admitted at LTCI who 
are already taking these medications for long- 
term (longer than 5 years), some warning signs 
should be identifi ed (i.e. groin pain, increased 
cortical thickness in the X-rays). In that case, the 
Task Force suggested that anti-resorptives should 
be re-evaluated, if the clinician is concerned, then 
the medication should be ceased, in which case 
the risk of an atypical fracture may decline. Even 
in the absence of symptoms, most providers are 
re-assessing patients after 5 years of oral bisphos-
phonates and discontinuing them if the risk at 
that time if their risk for fracture is not high (no 
fractures while on treatment, BMD T-score 
higher than −2.5, no prevalent fractures).  

    Other Treatments 
 One anabolic treatment (teriparatide) and one 
other treatment (strontium ranelate) are available 
for fracture prevention (Table  14.7 ). In terms of 
strontium, a systematic review by Inderjeeth 
et al. [ 71 ] on the effi cacy and safety of pharmaco-
logical agents in managing osteoporosis in the 
old–old (75 year and older) concluded that there 
was good evidence for the benefi t of current treat-
ments in reducing vertebral fractures, but that 
data were limited for non-vertebral and hip frac-
ture reduction. Strontium ranelate is the only 
agent to date that has demonstrated a reduction in 
non-vertebral and hip fracture events in a high- 
risk elderly female population, but no studies 
have assessed the effect of strontium ranelate in a 

LCTI population. Recently, strontium has been 
associated with higher incidence of cardiovascu-
lar and cerebrovascular disease. Therefore its use 
in this population should be prudently 
considered.

   In the case of teriparatide, this anabolic medi-
cation is administered subcutaneously on a daily 
basis. Although no studies have assessed the 
effect of Teriparatide in RACFs, there are several 
issues that may limit its use in this population 
[ 38 ]. These limitations include the administration 
route, which increases the nursing time, and the 
high cost of the medication. In general, teripara-
tide should not be considered as a fi rst-line treat-
ment for fracture prevention, and even less so in 
the LTCI population.    

    Conclusion 

 Prevention of osteoporotic fractures in older 
persons living in LTCI should involve active 
identifi cation of risk, which should include 
those risk factors that are particular to this 
population, identifi cation of secondary causes 
of falls and fractures, active interventions to 
prevent falls, and early initiation of both non-
pharmacological and pharmacological inter-
ventions to treat osteoporosis and prevent 
fractures in this high-risk population. All these 
interventions, which are highly effective, have 
demonstrated their cost- effectiveness and 
their benefi cial impact on residents’ quality of 
life, independence, and survival.     
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          Introduction 

 As life expectancy around the globe continues to 
increase [ 1 ], the prevalence of osteoporosis is 
expected to increase along with fractures. 
Osteoporosis insidiously converts bone, the pri-
mary organ of support and mobility, from rigid 
beams to veritable “empty eggshells” that can fail 
under physiologic conditions of daily living. 
Fractures do not occur simply as a result of poor 
bone quality but of the interaction between the 
strength of the bone and its ability to withstand 
the forces that are exerted on the bone. These 
forces are a function of muscular strength, bal-
ance, dexterity, cognitive function, and falls. 
These issues, coupled with severe medical 
comorbidity, can increase the risk of surgical 
intervention [ 2 ,  3 ]. Postoperative morbidity and 
mortality can also be increased, however, by 
delaying treatment [ 4 – 6 ]. The concept that 
elderly and osteoporotic patients have unique 
care requirements has been given considerable 
attention in recent years and has led to the 

 development of distinct areas of study and treat-
ment in orthopaedics, traumatology, and spinal 
surgery [ 7 – 9 ]. Additionally, several mechanical, 
biologic, and technical advances have made the 
treatment of osteoporosis related injuries safer 
and more successful and will be discussed in 
detail. The purpose of this chapter is to review the 
impact of osteoporosis on the manner in which 
fractures occur, are stabilized, and heal with 
attention to fractures that occur commonly and 
are likely to be encountered in clinical practice.  

    Mechanism of Bone Injury 

 Fractures occur when an applied force, the prod-
uct of mass and acceleration, exceeds the capac-
ity of the bone to absorb and transmit that force. 
Fractures can be described by a number of 
important attributes. These include the number 
of fragments, or comminution, the degree of sep-
aration of fragments, or displacement, angula-
tion in the cardinal anatomic planes, and 
involvement of an articular surface. Bone frac-
tures differently in patients with osteoporosis 
than in patients with adequate bone density. 
Whereas bone with adequate mineral density 
typically fractures following high-energy events 
such as a fall from a height or motor vehicle col-
lision (a force applied by a massive object or at 
high acceleration), fractures in osteoporotic 
bone can occur following low-energy trauma 
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such as a fall from the  standing position or even 
from participating in activities of daily living 
and exercise (a physiologic mass at low acceler-
ation). The clinical manifestation of this differ-
ence is the observation of less comminuted, 
more displaced fractures in young healthy bone 
compared to more comminuted, less displaced 
fractures in osteoporotic bone. A specifi c exam-
ple of this is the proximal weight- bearing region 
(plateau) of the proximal tibia. In patients with 
adequate bone mineral density, a large portion of 
a tibial plateau will split off following a forceful 
impact with the femoral condyles. In the osteo-
porotic patient, the femoral condyle will crush 
the subchondral cancellous bone of the tibial 
plateau, leading to depression of the articular 
surface into the void created by the crumbled 
bone (Fig.  15.1 ).

   The mechanism of injury for spinal fractures 
similarly varies with bone mineral density. Young 
vertebral bodies can sustain tremendous axial 
compressive loads because of the trabecular sup-
port beams with numerous cross-connections. A 
vertebral body of adequate bone mineral density 
can be compared to an unopened beverage can. 
Provided one had excellent balance, one could 
support his or her weight on the can without 
 damaging it. A substantial force applied to the 
can could burst it, in much the same way that a 
substantial force applied to a normal vertebra 
causes the vertebra to burst and fragments to dis-
place widely. If the can were emptied of bever-
age, the same maneuver would cause the can to 
collapse and be crushed. In the osteoporotic 
spine, the vertebral body is “emptied” of trabecu-
lar support and cross connections, rendering it 
capable of being crushed under physiologic 
forces or minor trauma. The morphology of an 
osteoporotic fracture typically shows central 
depression the endplates of lumbar vertebrae and 
wedge shaped deformity of thoracic vertebrae 
(Fig.  15.2 ). Further information regarding spe-
cifi c fracture patterns and the differences between 
normal and osteoporotic bone will be discussed 
below.

   A fi nal morphologic difference between frac-
tures in osteoporotic bone and bone of adequate 

mineral density has been reported to result from 
prolonged treatment of osteoporosis with the 
bisphosphonate class of antiresorptive agents. 
Initially, reports of subtrochanteric fractures of 
the femur, usually associated with high-energy 
trauma, were sporadically reported to have 
occurred following a low-energy event [ 10 – 13 ]. 
Analyses of these reports ultimately revealed a 
relative risk of such atypical fractures that 
increased with longer duration of bisphosphonate 
use, with the American Society of Bone and 
Mineral Research reporting an incidence of 
78 fractures per 100,000 patients after 8 years of 
medication usage compared to 2 fractures per 

  Fig. 15.1    A tibial plateau fracture in patients with osteo-
porosis results in depression of the articular surface and 
 compaction of the underlying cancellous bone (arrow)       
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100,000 patients using bisphosphonates for 
2 years [ 11 ]. An atypical femur fracture is 
 associated with a prodrome of pain before the 
fracture. The radiographic appearance of a frac-
ture line emanates from the lateral cortex and 
progresses medially; there is thickening or 
“beaking” of the bone at the fracture site 
(Fig.  15.3 ). Additionally, atypical fractures of the 
pelvis [ 14 ] and ulna [ 15 ] have been reported.

       Fixation Challenges 
in Osteoporotic Bone 

 The clinical importance of the prior discussion of 
fracture morphology and mechanism, aside from 
assisting in communication between healthcare 
providers, is to determine the optimal method of 
defi nitive fracture treatment. A general goal of 
fracture care is to restore and maintain anatomic 
alignment during fracture healing. Manipulation 
of bone fragments at the time of surgery is often 
required to reduce fracture displacement and 
angulation. Once anatomic alignment has been 
achieved, it is typically held in place with metal-
lic implants such as screws, plates, and rods. This 
inherently mechanical process is akin to anchor-
ing an object into a household wall. A screw 
placed into a wooden stud would achieve excel-
lent purchase, or hold, capable of supporting a 

  Fig. 15.2    Wedge fractures are more common in the tho-
racic spine ( small arrow ), while central depression frac-
tures 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       

  Fig. 15.3    An atypical femur fracture is identifi ed by thick-
ening, or “beaking,” of the bone at the fracture site (arrow)       
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heavy object without fail (Fig.  15.4a ). A screw 
placed only into plaster with no other support, 
however, would lose purchase as the head is 
advanced to the wall and the threads turned, 
crumbling the brittle plaster and allowing the 
screw to be pulled from the wall with minimal 
effort (Fig.  15.4b ). Screw fi xation in osteoporotic 
bone can result in that same disconcerting feel 
that nothing is holding, and, without taking 
proper measures, can lead to early failure of frac-
ture stabilization [ 16 ,  17 ].

   To overcome these challenges, several solu-
tions have been engineered to provide better fi xa-
tion in suboptimal situations. Since the primary 

device of fracture fi xation is the screw, much 
attention has been given to improve this common 
and ancient simple machine. In some circum-
stances, screws with a larger ratio of external 
thread diameter to internal shaft diameter can be 
used to apply the force of fi xation over a larger 
bone surface area. Devices have also been 
designed to gain fi xation by placing multiple 
screws into the bone, each of which would indi-
vidually have insuffi cient purchase. The multi-
plicity of points of fi xation, often coupled with 
the ability to lock the screws rigidly to the plate, 
provides better stabilization of fractures in 
w eakened bone [ 18 ]. Another example of screw 

  Fig. 15.4    In normal 
bone, a screw achieves 
excellent purchase with 
a fi rm 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 
indefi nitely with no 
endpoint as it spins in 
place       

a

b
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engineering is the design of some screws with a 
threaded cap that can be applied to the tip of the 
screw and allow the device to function more like 
a nut and bolt, gaining strength by pressing fi rmly 
against the stronger cortical bone surface instead 
of relying on thread purchase in weakened tra-
becular bone. Finally, additional screw purchase 
can be gained by augmenting the bone with poly-
methylmethacrylate (PMMA) bone cement. 
PMMA begins as viscous fl uid that can be 
injected into bone to interdigitate into the spaces 
between bone trabeculae. The fl uid polymerizes 
into a hard solid (the nonmedical variety of this 
substance is acrylic). Screw purchase is gained 
by dispersing the force of fi xation over the much 
larger surface area gained by the interdigitation 
of cement and bone [ 19 ]. This concept is applied 
in vertebroplasty and kyphoplasty, methods of 
vertebral augmentation for osteoporotic com-
pression fractures, and will be discussed in fur-
ther detail below. 

 Changing the location of the fi xation device 
can also aid in its ability to stabilize a fracture. 
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, 
intramedullary devices are located closer to the 
weightbearing axis of the bone (Fig.  15.5 ). 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 intertrochanteric fracture to sustain the major-
ity of the load. The primary function of the 
implant, therefore, 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 (that is, joint replacement) 
to be the treatment of choice for elderly patients 

  Fig. 15.5    An 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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with femoral neck fractures of the hip [ 20 ] and 
certain fractures of the proximal humerus [ 21 ]. 
Such a treatment circumvents the need to reduce 
and stabilize a fracture and provide an optimal 
environment for fracture healing, as it involves 
removal and replacement of the fractured seg-
ment of bone. Furthermore, the prosthesis is usu-
ally secured to the bone with PMMA cement, 
which is preferred over so-called press-fi t fi xa-
tion, 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.  

    Timing of Fracture Treatment 
in the Elderly 

 The optimal time for surgical treatment of frac-
tures in older patients has been a matter of con-
tinuous debate, although the issues have, in many 
ways, stayed the same [ 22 ]. Factors that infl uence 
the decision include the anatomic structure 
injured, the effect of the fracture on mobilization 
and ambulation, and the overall medical condi-
tion of the patient. 

 In general, and despite the opinion occasion-
ally rendered through social media [ 23 ], the goals 
of fracture fi xation are to provide the patient with 
optimal ability to mobilize from recumbency, 
ambulate, and participate in activities of daily liv-
ing. This is best understood through clinical 
examples. Hip fracture is perhaps the paradigm 
of injury that impairs these three functions. 
Nonoperative management leaves patients 
recumbent, placing them at high risk for pressure 
ulcers, thromboembolic events, and pulmonary 
decompensation. Furthermore, nonoperative 
treatment has been shown to result in a higher 
mortality rate [ 24 ]. Early surgical treatment 
would, therefore, minimize the time during which 
a patient would be completely incapacitated and 
unable to mobilize from bed [ 4 – 6 ]. This factor 
must be counterbalanced with a careful consider-
ation of the patient’s medical history, current 
medical condition, and ability to improve the cur-
rent medical condition. These assessments will 
typically result in surgery that can be optimally 
performed within two [ 4 ] to four days [ 25 ] of 

injury. The current recommendation is to perform 
surgery for hip fractures as early as medically 
allowable and ideally within 48 h of injury [ 26 ]. 
Ongoing studies to evaluate the feasibility of 
accelerated surgical care within a mean of 
approximately 6 h following diagnosis [ 27 ], 
underscore the observation that patients are often 
in optimal condition at the time of presentation 
to the hospital and tend to decline during the 
hospitalization. 

 Vertebral fractures represent another com-
monly encountered group of injuries that can 
have detrimental effect on quality of life, pulmo-
nary function, and the ability to perform activi-
ties of daily living. While hip fractures have 
immediately negative effects, vertebral compres-
sion fractures are more insidious but result in a 
six- to ninefold increase in 1 year mortality simi-
lar to that of hip fractures [ 28 ]. The traditional 
treatment of vertebral compression fractures 
(VCF) has included oral analgesic medications, 
advising the avoidance of painful activities, and 
counseling the patient that the fracture will heal 
in time and that pain will soon subside [ 29 ]. 
Nearly two-thirds of patients with symptomatic 
VCF actually will experience enough pain relief 
within 6 weeks to return to pre-fracture level 
of activities and thereby avoid the risks of pro-
longed inactivity. In contradistinction, persis-
tently  painful fractures can lead to physical 
deconditioning, emotional and psychological dis-
tress, and  dependence on pain medications. The 
development of percutaneous vertebral augmen-
tation, also known as vertebroplasty and kypho-
plasty, has introduced an alternative for these 
patients where none previously existed [ 30 – 33 ]. 
Whereas most studies report that the procedure 
effectively reduces pain and quickly, a more 
important effect attesting to the ability of the pro-
cedures to restore function, similar to that of hip 
fracture surgery, has been a reported reduction in 
mortality risk for patients treated with vertebral 
augmentation than with nonsurgical treatment 
[ 34 ,  35 ]. This is, of course, not without surgical 
risk, a thorough discussion of which is included 
below. The  challenge with VCFs is determining 
which patients would benefi t from nonsurgical 
care and which would benefi t from early 
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 performance of vertebral  augmentation. No 
 consensus has been reached regarding the opti-
mal timing of vertebral augmentation as there has 
for hip fracture fi xation. Patients confi ned to a 
bed or chair with severe pain appear to have the 
most to lose by waiting, similar to a hip fracture 
patient, and would therefore benefi t from an early 
decision to perform vertebral augmentation. For 
patients able to mobilize but who complain of 
pain severe enough to limit other activities, a trial 
of nonoperative care for 4–6 weeks may be ample 
time to determine if pain relief will be adequate 
or if vertebral augmentation would be of benefi t.  

    Bone Healing Challenges 
in Osteoporotic Bone 

 The rate and quality of bone healing is compro-
mised in patients with osteoporosis compared to 
patients without osteoporosis. Animal studies 
have demonstrated this effect with femur frac-
tures and fracture callus in standardized models 
of osteoporotic bone [ 36 ,  37 ]. Clinical studies 
have similarly shown delayed healing and poor 
rates of spinal fusion in elderly, osteoporotic 
patients [ 38 ]. The biologic basis for this has been 
reported to result from the reduced number and 
proliferative capacity of bone marrow mesenchy-
mal stem cells (MSCs) that occurs with advanced 
age [ 39 ]. These fi ndings highlight the importance 
of maintaining an optimal healing environment at 
the surgical site through meticulous surgical 
technique as well as biologic, pharmacologic, 
and electrophysiologic alteration of the healing 
site. 

    Surgical Solutions 

 The disadvantaged state of osteoporotic bone 
healing can be made worse through improper sur-
gical technique. A fracture limits the endosteal 
blood supply to the bone by the disruption the 
internal architecture and vasculature of the bone. 
Modern techniques of fracture surgery empha-
size the importance of maintaining blood supply 
to the fracture site through meticulous handling 

of the periosteum and surrounding muscular 
envelope. This leads to less devitalization of the 
bone’s remaining blood supply and optimizes 
healing of the fracture and surgical site. A con-
crete application of this theory can be seen in the 
use of intramedullary fi xation and percutane-
ously applied fi xation plates. Both techniques 
involve external manipulation of the fracture, 
insertion of the device distant from the fracture 
site, and avoidance of direct access of the fracture 
site. Screws are also inserted percutaneously to 
the plate for fi xation of the fracture (Fig.  15.6 ). In 
a similar method, instrumentation has been 
developed for the percutaneous insertion of pedi-
cle screws and rods for instrumented stabilization 
of spinal fusion, thus avoiding the damage to the 
vasculature that occurs with open exposure of the 
spine for fusion.

       Biologic Solutions 

 Healing and growth of any bone requires three 
elemental factors: source of cells capable of pro-
ducing bone (ostengenecity), a stimulatory factor 
to induce the bone-producing cells to form bone 
(osteoinductivity), and a scaffold of material suf-
fi cient to guide the production of bone (osteocon-
ductivity). Biologic optimization of bone healing 
can target any or all of these factors. In relation to 
the above discussion regarding the reduced 
 number and function of MSCs in osteoporosis 
and advanced age, several products have been 
developed to either increase the concentration of 
a patient’s native stem cells or to transplant allo-
geneic stem cells at the time of surgery. A 
patient’s own MSCs can be harvested from bone 
marrow by aspiration of the iliac crest using a 
Jamshidi needle. Commercially available prod-
ucts such as BMAC (Harvest Technologies, Inc, 
Munich, Germany) process the bone marrow 
using sterile centrifugation and isolation of the 
buffy coat to achieve a reported eightfold increase 
in the concentration of MSCs [ 40 ,  41 ]. Similarly, 
osteogenic cell density can be increased at a frac-
ture or spinal fusion site using commercially 
available allogeneic MSC products such as 
Cellentra VCBM (Biomet, Warsaw, IN), Trinity 
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a b

c d

  Fig. 15.6    If Suclosed reduction can be achieved, less 
invasive methods of plate fi xation can be used in osteo-
porotic and elderly patients. In contrast to formal open 
fi xation, these methods utilize smaller incision ( arrow ) 
in the skin through which a plate is introduced under the 

muscle ( a ). The plate is then slid along the periosteal 
surface ( b ) until it is in an acceptable position ( c ). The 
plate is then held in place with screws ( d ) that are 
inserted in a percutaneous manner using specialized 
alignment guides       
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Evolution (Orthofi x, Lewisville, TX), and 
Osteocel (Nuvasive, San Diego, CA). These 
products provide the osteogenicity necessary for 
fracture and spinal fusion healing and have been 
shown to produce none of the immune reactions 
typical of other unmatched, potentially incom-
patible allogeneic tissue transplant [ 42 ,  43 ]. 

 Osteogenic cells can be induced to form bone 
through the stimulatory effects of the so-called 
bone morphogenic proteins (BMPs), a group of 
compounds of the transforming growth factor- 
beta superfamily. Through recombinant DNA 
technology, BMP-2 is commercially available 
for implantation to augment fracture and spinal 
fusion healing and is marketed under the trade 
name Infuse (Medtronic, Memphis, TN). 
Another product, BMP-7, was previously mar-
keted as OP-1 (Olympus Biotech, Center Valley, 
PA) but the production has ceased and the prod-
uct is no longer available. BMPs have demon-
strated positive effects on fracture healing in 
animal models as well as in human studies of 
open fractures and nonunions of the tibia [ 44 , 
 45 ]. In the spine, BMP-2 has been studied exten-
sively and has been reported to result in success-
ful fusion in nearly all patients undergoing 
anterior lumbar fusion [ 46 ] and in 60–85 % of 
the more commonly performed posterolateral 
fusion [ 47 – 52 ]. While none of these studies were 
performed to determine explicitly the effect of 
BMP on healing of osteoporotic bone, data have 
been reported showing a positive effect on frac-
ture healing [ 53 ,  54 ] and spinal fusion [ 55 ,  56 ] in 
experimental models of osteoporosis. While the 
use of recombinant human BMP sounds like a 
potential cure for all of the challenges encoun-
tered in bone healing in osteoporosis, recent 
attention has been turned to methodologic biases 
that were not initially reported in many of the 
human trials of BMP [ 57 ]. These fl aws, caused 
in large part by faulty trial design, peer review, 
and fi nancial confl ict of interest, led to underre-
porting of the risk of complications of the use of 
BMP including bone resorbtion and implant dis-
placement, urogenital events, infection, radiculi-
tis, ectopic bone formation, and malignancy. 
Subsequent review of trial data revealed a risk of 
complications 10–50 times higher than that 

which was  originally reported. Currently, the 
potential benefi t of using BMP-2 must be 
weighed against the potential risk of complica-
tions for any individual patient.  

    Pharmacologic Solutions 

 Recent animal data have 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). Under normal physiologic con-
ditions, PTH functions to increase circulating 
calcium by inducing reabsorbtion of bone. In 
daily, pulsatile, supraphysiologic doses, the 
opposite effect has been observed, leading to a 
net increase in bone mineral density [ 58 ]. 
Through recombinant DNA technology, a trun-
cated form of PTH is produced and marketed as 
teraparatide (Forteo, Eli Lilly and co., 
Indianapolis, IN). A systematic review of several 
case reports [ 59 ] and two randomized controlled 
trials [ 60 ,  61 ] have repeatedly shown that recom-
binant PTH in pulsatile doses can accelerate 
healing of fractures in patients with osteoporosis, 
particularly fractures of the wrist and pelvis. 
Additionally, recombinant PTH also appears to 
accelerate bone healing in spinal fusion in rat 
[ 62 ,  63 ] and rabbit models of osteoporosis [ 64 ]. 
These results should be approached with caution 
as studies in human patients have not yet shown 
the same effect. Also, the increase in bone den-
sity of the fusion mass and acceleration of fusion 
may not be accompanied by a commensurate 
increase in functional strength of the bone [ 65 ]. 
Further study is required before recombinant 
PTH should be applied widely to patients under-
going spinal fusion. 

 Bisphosphonates are antiresorptive medica-
tions that have been proposed for use to aug-
ment spinal fusion in osteoporotic patients. 
Early reports of bisphosphonate use in spinal 
fusion demonstrated clear detrimental effects 
[ 66 ,  67 ]. More recent reports have been mixed 
with some showing weaker bone strength fol-
lowing  bisphosphonate use [ 68 ], some showing 
no difference in treatment and control groups 
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[ 69 – 71 ], and some suggesting improved healing 
[ 72 ]. At this time, the lack of consensus and 
wide variability between reported effects sug-
gest that more information should be gathered 
before prescribing or continuing the use of 
bisphosphonates for osteoporotic patients 
undergoing spinal fusion. Bisphosphonate use 
in fracture healing, on the other hand, has not 
been shown to have a detrimental effect [ 73 ]. A 
recent meta-analysis of randomized controlled 
trials of bisphosphonate use following osteopo-
rotic fractures reports that no detrimental effect 
exists but does not necessarily suggest that a 
benefi cial effect exists either. At the very least, 
it does appear that there is no delay in healing 
imparted by the impairment of osteoclast func-
tion induced by the bisphosphonates.  

    Electrophysiologic Solutions 

 Bone has been observed to develop electrical 
potentials at areas of mechanical compression 
and tension [ 74 ]. This fi nding, coupled with the 
observation that bone shows a greater propen-
sity to form new bone under compression 
(Wolff’s law), has led to the development of 
electromagnetic devices designed to stimulate 
the production of bone in addition to what would 
be produced under physiologic conditions. 
These devices have been applied to fracture and 
spinal fusion healing. There is confl icting evi-
dence, however, concerning the effi cacy of elec-
trical stimulation on spinal fusion or fracture 
healing. A recent systematic review found no 
consistent evidence to support or refute the use 
of electrical stimulation devices to enhance spi-
nal fusion [ 75 ]. The use of bone growth stimula-
tors appears to be more encouraging in extremity 
fractures, particularly of the tibial shaft [ 76 ,  77 ]. 
Perhaps this is a result of the targeted bone 
being located in a more subcutaneous location 
and therefore closer to the device compared to 
spinal fusion. Notwithstanding these observa-
tions, there are no data concerning the effi cacy 
of electrical stimulation to enhance spinal fusion 
or fracture healing in elderly or osteoporotic 
patients.   

    Specifi c Injuries and Treatment 
in the Osteoporotic and Elderly 
Patient 

    Hip Fractures 

 As discussed above, hip fracture is perhaps the 
paradigmatic fracture in the osteoporotic patient 
and, although some of the surgical details have 
evolved, the general approach to treatment has 
not changed much in the past few decades. Hip 
fractures can be classifi ed according to anatomic 
region and can be generally grouped into those 
fractures that occur within the joint capsule 
(Fig.  15.7 ) and those that occur outside the cap-
sule (Fig.  15.8 ). The former category is com-
prised of the subcapital and femoral neck 
fractures and the latter the intertrochanteric frac-
tures. The joint capsule is the most important dis-
tinction because it is the location of the blood 
vessels that supply the femoral neck and head. 
Compression or disruption of these vessels will 
compromise perfusion and potentially lead to 
impaired fracture healing and osteonecrosis of 
the femoral head. Minimally displaced or 
impacted fractures do not typically compromise 
the capsular vasculature and can be found to heal 
reliably with internal fi xation through a  minimally 
invasive procedure. This is best achieved using 
multiple parallel screws placed across the frac-
ture site into the femoral neck and head 
(Fig.  15.9 ). The fracture fragments are com-
pressed together by screws designed to allow 
thread purchase in the head fragment only and 
not across the fracture itself. This increases sta-
bility of the fragments and promotes healing 
through bone compression. The screws are placed 
through a small incision or stab incisions that 
incur little blood loss and minimal disruption of 
the soft tissue surrounding the fracture.

     Treatment of displaced fractures is somewhat 
more controversial. Because fracture displace-
ment can compress or disrupt the blood supply to 
the femoral head and neck, a decision must be 
made either to reduce the fracture to the anatomic 
position and perform internal fi xation or to aban-
don the hope of fracture healing and perform 
prosthetic replacement of the proximal femur or 
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hip. The advantage of reduction and internal fi xa-
tion is that it can be performed in a minimally 
invasive fashion as described above. This benefi t 
must be weighed against the potential that the 
fracture may still not heal; widely displaced frac-
tures are often found at the time of surgery to have 

disrupted the vasculature as opposed to have sim-
ply compressed it. A fracture nonunion or hip 
osteonecrosis can lead to pain, ambulatory com-
promise, and further operations. Prosthetic 
replacement (Fig.  15.10 ) can eliminate these con-
cerns and may result in a lower reoperation rate 
and better long-term hip function [ 20 ,  78 ,  79 ]. 
Although partial prosthetic replacement of the hip 
(hemiarthroplasty) has been performed success-
fully for decades, recent attention has been given 
to total hip replacement for hip fracture. With 
global life expectancy increasing, a patient treated 
at 65 years of age with a hemiarthroplasty may 
live with the prosthesis for an additional 20 years. 
During this period, the patient would be subjected 
to the possibility of degeneration of the acetabu-
lum and pain resulting from the articulation with 
the prosthesis. Total hip arthroplasty replaces both 
the acetabulum and proximal femur and elimi-
nates this possibility. The reported long term suc-
cess with total hip arthroplasty for femoral neck 
fracture [ 20 ,  79 ] has led to a change in the treat-
ment of femoral neck fractures with more sur-
geons favoring total hip arthroplasty at this time 
than in the past [ 80 ]. At this time, a  preponderance 
of evidence suggests that healthy, high- functioning 
patients would be best served with a total hip 
arthroplasty; a patient with  limited  pre- injury 

  Fig. 15.7    Femoral neck fractures (arrows) occur within 
the hip capsule. Displaced femoral neck fractures can disrupt 
the capsule along with the blood supply to the femoral head       

  Fig. 15.8    Intertrochanteric fractures occur outside the 
hip capsule and do not typically disrupt the blood supply 
to the proximal femur. As a result, reduction and internal 
fi xation routinely leads to adequate fracture healing       

  Fig. 15.9    Non-displaced or anatomically reduced femo-
ral neck fractures can be stabilized with three lag screws 
and have a reasonable likelihood of healing       
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mobility would benefi t from hemiarthroplasty; a 
nonambulatory patient or patient with severe cog-
nitive dysfunction would be best treated with 
reduction and internal fi xation [ 78 ,  79 ].

   Intertrochanteric fractures occur within the 
broad, cancellous, extracapsular region between 
the greater and lesser trochanters (Fig.  15.8 ). 
Displacement does not compromise the blood 
supply to the fracture site and these fractures 
therefore have a high rate of healing. Treatment 
of intertrochanteric fractures is less controversial 
than femoral neck fractures. Most surgeons agree 
that early internal fi xation is optimal to prevent 
proximal femoral shortening, angulation, and 
deformity, and to more rapidly restore pre-injury 
ambulatory function than with nonoperative 
treatment. Perhaps the only source of debate is 
whether to use a sliding hip screw or an intramed-
ullary nail. A sliding hip screw provides and 
maintains compression across the fracture site 
during fracture healing. The procedure has been 

used for decades and was once the primary 
method of intertrochanteric fracture fi xation. The 
disadvantage of the technique is that splitting of 
the vastus lateralis is often required and is associ-
ated with high intraoperative blood loss. As a 
“minimally invasive” alternative, intramedullary 
devices were introduced for intertrochanteric 
fi xation. The procedure, while more technically 
challenging, offered the potential advantages of 
less perceived blood loss as well as mechanically 
optimal positioning of the implant relative to the 
weight-bearing axis. Early reports of intramedul-
lary nail fi xation reported equivalent outcomes 
and complication rates with a lower rate of allo-
geneic blood transfusion [ 81 ]. More recent 
reports have that surgical complications, risk of 
blood loss, and systemic effects of surgery are 
equivalent [ 82 ,  83 ]. A preponderance of evidence 
appears to support the use of either device for 
fi xation of intertrochanteric fractures, possibly 
with intramedullary nails serving more commi-
nuted, unstable fractures better and with a lower 
risk of revision surgery.

      Thoracic and Lumbar Fractures 

 The most common vertebral injury in patients 
with osteoporosis is the compression fracture 
(Fig.  15.2 ). These injuries can occur during 
 normal physiologic functions such as coughing, 
sneezing, and turning in bed or with low-energy 
events such as grocery transport or vehicular 
encounter with the unpredictable roadway topog-
raphy that characteristically follows a New 
England winter. Pain can be acute or insidious in 
onset and can have an impact that varies from 
mild nuisance to complete debilitation with 
 signifi cantly diminished quality and duration of 
life [ 28 ]. The long-term effects of vertebral com-
pression fractures can be chronic pain, deformity 
(kyphosis), pulmonary compromise, and early 
gastrointestinal satiety [ 84 ,  85 ]. 

 Traditional treatment of vertebral compres-
sion fractures focused on mitigation of symptoms 
and would often be met with a protracted course 
of pain management and activity modifi cation, 
possibly with prolonged bed rest. Vertebral aug-

  Fig. 15.10    Displaced femoral neck fractures have a poor 
likelihood of healing and are better treated with 
arthroplasty       
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mentation is a family of techniques fi rst devel-
oped in the 1980s as vertebroplasty for 
percutaneous stabilization of vertebral fractures 
[ 31 ]. The procedure is performed by inserting a 
large bore needle percutaneously and with radio-
graphic guidance down the axis of the pedicle 
into the fractured vertebral body. PMMA is then 
injected as a viscous fl uid through the needle into 
the vertebral body and is allowed to cure into a 
solid. By interdigitating into the trabeculae and 
fracture lines, the fracture, and thereby the pain 
generator, is stabilized. First-generation verte-
broplasty techniques were found to result in 
PMMA extrusion from the vertebral body into 
the venous system and spinal canal in 20–70 % of 
cases [ 30 ,  33 ], a complication which can produce 
devastating consequences including pulmonary 
embolus, respiratory distress, and injury to the 
spinal cord and nerve roots. This complication 
led to the development of kyphoplasty, a modi-
fi ed form of vertebral augmentation during which 
an infl atable balloon tamp is inserted through the 
needle fi rst and infl ated to create a cavity into 

which the PMMA can be injected [ 33 ]. The bal-
loon tamp provides for safer and more reproduc-
ible injection of the cement with less risk of 
extrusion and may allow for at least partial resto-
ration the height of the vertebral body lost as a 
result of the compression fracture (Fig.  15.11 ). In 
practice, vertebral height restoration appears to 
be infl uenced more by the acuity of the fracture 
and fracture mobility more than the balloon; sim-
ply placing a patient prone on an operating table 
that fosters lordosis – or stated in another way, 
hyperextends the spine – will increase the verte-
bral height in a relatively acute fracture but not in 
a chronic, partially healed fracture. The creation 
of a cavity for injection of the PMMA is, how-
ever, a real advantage over early-generation ver-
tebroplasty. Using a balloon tamp to create a 
cavity into which PMMA can be injected has 
been reported to reduce the occurrence of cement 
extrusion to approximately 9 % [ 33 ].

   Vertebral augmentation is indicated for treat-
ment of persistent pain from unhealed osteopo-
rotic compression fractures. Since many VCFs 

  Fig. 15.11    A vertebral compression fracture can be 
treated with kyphoplasty. A balloon tamp is inserted and 
infl ated to create a void and reduce fracture displacement 

( top row ). The balloon is then defl ated and removed and 
bone cement is injected to fi ll the void and stabilize the 
fracture       
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will be healed and discovered incidentally at the 
time of initial radiographic imaging, it is impera-
tive to confi rm that a newly discovered VCF is 
indeed acute or shows radiographic fi ndings of 
abnormal bone activity consistent with painful 
conditions. This information is most often obtained 
by the magnetic resonance imaging (MRI) demon-
stration of increased signal on the STIR sequence 
or decreased signal on the T1 sequence, both of 
which are consistent with bone edema. Abnormal 
radiotracer uptake on a bone scan can provide sim-
ilar information in patients unable to undergo 
MRI. In the authors’ experience, fractures as old 
as 1–2 years can still have dramatic pain relief, 
provided that appropriate imaging fi ndings con-
fi rm that the fracture has not healed and that edema 
is still present. Active spinal infection and uncor-
rectable coagulopathy are relative contraindica-
tions to vertebral augmentation. A burst fracture is 
also a contraindication to vertebral augmentation. 
These fractures are identifi ed by the presence of 
fragments of the vertebral body displaced into the 
spinal canal (Fig.  15.12 ). In contrast to the simple 
compression fracture which, by defi nition, has an 
intact posterior wall of the vertebral body, dis-

placed fracture fragments can compress and injure 
the spinal cord and cauda equina and can be dis-
placed further by cement injection during verte-
bral augmentation [ 86 ,  87 ].

   Early reports of vertebral augmentation docu-
mented outcomes that rank among the most suc-
cessful of any spine procedure. Rates of pain 
relief have been reported to reach 90–100 % with 
signifi cant functional improvement as well [ 30 , 
 88 ,  89 ]. These studies reported rapid relief of pain 
in patients treated with vertebral augmentation. 
After 6–12 months, patients treated with or with-
out vertebral augmentation reported similar func-
tional outcomes. These early reports, although 
describing nonrandomized patient cohorts, appear 
to corroborate the natural history of pain relief 
following VCF and suggest that vertebral aug-
mentation can provide earlier achievement of 
optimal pain relief in the right patients. 

 Two randomized, sham-procedure controlled 
trials were reported in 2009 [ 90 ,  91 ] which have 
questioned the effi cacy of vertebroplasty and led 
to considerable debate [ 92 ,  93 ]. Both trials reported 
equivalent pain relief in patients undergoing the 
actual vertebroplasty procedure as did patients 
undergoing a well designed sham procedure. 
These studies have provided the best evidence to 
date regarding vertebral augmentation and have 
changed the willingness of some primary care pro-
viders to refer VCF patients for evaluation for ver-
tebroplasty [ 94 ]. The study authors have identifi ed 
several limitations of the studies including patient 
enrollment that did not meet power requirements 
by the a priori analysis, skewed patient crossover 
from sham to vertebroplasty, possible treatment of 
fractures older than what has observed to show the 
best result with vertebral augmentation. Additional 
limitations of the study have been identifi ed as 
well including the bias introduced by unwilling-
ness of patients in the most severe pain to consent 
to randomization and a possibility that some of the 
treated fractures did not have adequate pretreat-
ment imaging to confi rm acuteness. Similar stud-
ies have not been performed to evaluate 
kyphoplasty as of yet. In total, it appears that 
 suboptimal data have driven many of the decisions 
to perform vertebral augmentation and that even 
the most optimal information so far may be subop-

  Fig. 15.12    A senile burst fracture ( bottom , T12) can be 
distinguished from a simple compression fracture ( top , 
T11) by the presence of posteriorly displaced vertebral 
body fragments that can impinge upon the spinal cord or 
cauda equina       
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timal. Further high-quality evidence is required to 
present the fi nal answer to this hotly debated ques-
tion. The authors currently recommend vertebral 
augmentation only to patients presenting with 
severe functional impairment. 

 One fi nal challenge in the treatment of osteopo-
rotic VCF is the occurrence of subsequent frac-
tures following initial fracture treatment. It has 
been suggested that vertebral augmentation can 
increase stresses at adjacent osteoporotic vertebrae 
and thereby increase the risk of adjacent fractures. 
While subsequent fractures undeniably occur in 
patients following vertebral augmentation, it is 
unclear if these fractures are sequellae of the pro-
cedure or of the natural history of severe osteopo-
rosis. At this time, reports are mixed but appear to 
document that additional fractures will occur in 
11–30 % of patients with symptomatic VCF 
regardless of the treatment of the index fracture 
[ 30 ,  95 ,  96 ]. When treating a patient with a VCF, it 
is imperative that systemic anti- osteoporosis ther-
apy be administered to reduce the likelihood of 
another VCF, which may be overlooked by both 
the referring and consulting physicians.  

    Odontoid Fractures 

 The odontoid process, or dens, is the unique cra-
nial projection from the vertebral body of C2 that 
serves as an axis around which the ring of C1 
rotates. The odontoid process is held securely 
between the anterior arch of C1 and transverse 
ligament. It is found to be a point of stress con-
centration that is susceptible to unique fracture 
patterns because it is a narrow junction of bone 
between two relatively rigid spinal segments 
(namely, the occiput-C1 complex, and the sub-
axial spine, the mobility of which is typically 
diminished as a result of disc degeneration). 

 This arrangement predisposes the odontoid to 
a fracture pattern that occurs commonly in elderly 
osteoporotic individuals, whose ambulatory bal-
ance and ability to brace for a fall may be com-
promised. The usual mechanism is fall forward in 
which the patient’s forehead strikes the ground or 
an item of furniture. The impact produces an 
extension moment that displaces the head, C1, 
and fragment of the odontoid process posteriorly 
(Fig.  15.13 ). Because the ratio of spinal canal 

  Fig. 15.13    Odontoid fractures are common in the elderly 
( left ), often presenting with posterior displacement thats 
result from falling forward and striking the forehead or 

face. In some cases, stabilization is recommended, which 
can involve a posterior C1-C2 fusion with instrumentation 
( right )       
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diameter to spinal cord diameter is approximately 
three to one at this spinal level, even large 
amounts of displacement can be tolerated  without 
neural compression. Thus, neurologic defi cits 
infrequently result from odontoid fractures. 
There are wide differences among spine care pro-
viders in the approach to treatment of odontoid 
fractures in older and osteoporotic patients with 
consensus regarding the optimal method of treat-
ment lacking [ 97 ]. Proponents of nonsurgical 
care would apply a hard or soft cervical orthosis 
collar for spinal immobilization until the fracture 
heals. Surgical treatment involves stabilization of 
the fracture either with transfi xation of the frac-
ture with screws placed from an anterior approach 
or fusion of C1-C2 from a posterior approach. 
Surgical treatment recently has been reported to 
have no more a deleterious impact on a patient 
mortality than nonsurgical treatment and may 
even prolong survival in certain age groups [ 98 , 
 99 ]. Additionally, nonoperative treatment has 
been found to result in a higher rate of fracture 
nonunion (up to 22 %) [ 100 ]. Fracture nonunion 
does not appear to have a negative impact on 
patient outcome but does often lead to delayed 
surgery. Although further, high quality study of 
this fracture are required [ 97 ], current evidence 
appears to favor surgical treatment for odontoid 
fractures in younger (less than 75 years old), 
highly functional geriatric patients with fracture 
displacement or neurological defi cit.

       Distal Radius Fractures 

 As a result of the impairment of ambulatory func-
tion and reaction time that occur with increasing 
age, a fall on to an outstretched hand is a common 
occurrence that can lead to a distal radius fracture. 
The metaphyseal bone of the distal radius, like 
that of the vertebral body and hip, is affected more 
than the cortical or subchondral bone and fails 
upon loading. Along the osteoporosis time line, 
fractures of the distal radius occur earlier than hip 
fractures. They should be interpreted as an indica-
tor of signifi cant bone loss and a warning sign that 
a hip fracture may be imminent, particularly 
within the fi rst month following the event [ 101 ]. 

Compared with the general population, patients 
who have sustained an osteoporotic distal radius 
fracture are at twice the risk for a subsequent hip 
fracture [ 102 ], and should thus be considered for 
systemic anti-osteoporosis therapy. 

 Treatment of distal radius fractures includes 
cast immobilization or surgical stabilization. 
Selection of the optimal treatment should be 
guided by the fracture pattern and the patient’s 
functional demands. Nondisplaced 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. Treatment of displaced fractures 
is somewhat more controversial. A fall on to an 
outstretched hand typically produces a dorsally 
angulated fracture. Malunion with a small degree 
of dorsal angulation can be well tolerated. Greater 
amounts of angulation, however, can lead to 
improper function of the hand and wrist that 
would compromise patient independence and 
ability and should be reduced through fracture 
manipulation. Reduction into anatomic align-
ment can sometimes be maintained with a cast 
but will often fall back into malalignment as the 
comminuted fragments undergo remodeling dur-
ing early fracture healing. These fractures are 
therefore typically treated with surgical stabiliza-
tion. Fixation can be achieved by transfi xing the 
fracture with percutaneously placed pins, an 
external fi xator, or an internal fi xation plate and 
screws. External fi xation devices represent a 
method of fi xation that avoids direct exposure of 
the fracture site, potentially limiting devitaliza-
tion of the bone as discussed above. The tech-
nique has been shown to maintain an anatomic 
alignment superior to cast immobilization [ 103 ]. 
Regardless, even in cases of malunion, functional 
outcome has been shown to be acceptable [ 104 ]. 
A major objection to external fi xation is the 
requirement that the devices span the carpus and 
immobilize the wrist during fracture healing. 
Internal fi xation plates mitigate this risk by limit-
ing fi xation to the distal radius and allowing free 
motion of all wrist and hand joints. Low profi le 
plates have been designed to be supported by the 
dense cortical and subchondral bone with screws 
that lock directly to the plate, thereby acting as a 
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fi xed-angle device and avoiding the fi xation chal-
lenges of the osteoporotic metaphysis [ 105 ]. 
Recently, advanced percutaneous pinning tech-
niques have been developed to take advantage of 
the benefi ts of both the external fi xation device 
(i.e. limited fracture manipulation and devitaliza-
tion) and internal fi xation (facilitating rapid res-
toration of joint mobility) [ 106 ]. 

 A fi nal method of stabilizing osteoporotic 
fractures of the distal radius involves mechanical 
augmentation of the metaphyseal bone with 
injectable cements in a manner similar to verte-
bral augmentation. Calcium phosphate cements 
marketed under the trade names Norian SRS and 
ChronOS Inject (DePuy-Synthes, Raynham, 
MA) have been reported to improve patient 
reported outcome and histological evidence of 
bone formation [ 107 ,  108 ]. The fracture stabili-
zation provided by the injectable bone cement 
allows for earlier mobilization of the wrist com-
pared with cast treatment alone. In summary, sev-
eral surgical developments have allowed for 
successful fi xation of severe distal radius frac-
tures in the osteoporotic patient. These advances, 
however, must be considered as tools to assist 
fracture care only. Distal radius fractures in 
osteoporotic patients do not fare as well function-
ally as patients with normal bone mineral density 
and should be considered high risk for a compli-
cation of treatment [ 109 ].  

    Tibial Plateau Fractures 

 Proximal tibial fractures occur in the bone sup-
porting the knee. Fractures that involve the artic-
ular surface of the proximal tibia are referred to 
as tibial plateau fractures. In osteoporotic 
patients, as discussed above, the fractures com-
monly present with depression of the articular 
surface into the trabecular bone of the proximal 
tibial metaphysis. This produces an incongruent 
articular surface which can lead to painful arthri-
tis. Occult tibial plateau fractures have been rec-
ognized as a cause of chronic knee pain in the 
elderly [ 110 ,  111 ]. 

 A primary goal of surgical treatment of tibial 
plateau fractures is restoration of the joint sur-

face. When large fracture fragments are present, 
direct, open reduction and internal fi xation is 
often the optimal method of treatment 
(Fig.  15.14 ). If only a portion of the joint surface 
is depressed with the cortical rim of the proximal 
tibia remaining intact, the fracture reduction can 
be performed using less invasive methods. 
Through a small incision, a window can be made 
in the cortex of the proximal tibia and a bone 
tamp inserted to push fracture fragments back 
into the normal anatomic position. Recently, 
techniques have been developed utilizing the bal-
loon tamps initially designed for vertebral kypho-
plasty [ 112 ]. The balloon tamp is inserted 
percutaneously and infl ated under radiographic 
guidance to reduce the fracture fragments to the 
anatomic position. In osteoporotic bone, com-
pression and reduction of the fracture fragments 
using any method can lead to large voids in the 
proximal tibia that must be fi lled to support the 
anatomic alignment. These gaps can be fi lled 
either with bone graft in a technique known as 
impaction or compaction grafting [ 113 ] or with 
PMMA bone cement. Bone grafting offers the 
advantage of being fully incorporated into the 
patient’s bone but with the caveat that the reab-
sorption that occurs during remodeling can lead 
to recurrence of fracture displacement. Bone 
cement, on the other hand, will assume the exact 
shape of the void and interdigitate into the bony 
trabeculae. The nonresorbability can protect 
against recurrent fracture displacement but can 
lead to a tissue reaction with osteolysis at the bor-
der of the PMMA. The risks and benefi ts of both 
techniques, therefore, must be weighed with each 
individual patient during surgical planning.

   Following fracture reduction, internal fi xation 
is typically performed to support and maintain 
the anatomic alignment of fracture fragments. 
Percutaneously placed screws are often adequate 
for stabilization of tibial plateau fractures. Screw 
fi xation in osteoporotic bone can be augmented 
using PMMA bone cement injected to fi ll frac-
ture voids or independently for the augmentation 
of screw fi xation as described above. The PMMA 
is injected as a fl uid and then a screw is inserted, 
allowing the PMMA to cure and harden around 
the screws. This increases the strength of the 
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screw fi xation by providing a broader area of 
implant-bone interface. The interface can also be 
enhanced by utilizing a plate designed to accom-
modate multiple screws that thread into, or 
“lock,” into the plate. The stability and strength 
are gained not simply from screw purchase into 
bone but from the fi xation to the plate. Promising 
results using this device in osteoporotic bone 
have been reported [ 114 ]. Despite these tech-
niques, fracture fi xation in the elderly and osteo-

porotic still presents a challenge. Perhaps the 
greatest word of caution has been a report that 
internal fi xation of tibial plateau fractures in the 
elderly is associated with a tenfold increase in 
fi xation failure when compared to fracture fi xa-
tion in younger, nonosteoporotic bone [ 115 ].   

    Conclusions 

 The treatment of fractures in elderly, osteopo-
rotic patients presents formidable challenges 
as a result of the interplay between impaired 
bone healing, impaired bone fi xation, and 
impaired general medical health. Over the 
past few decades, several advances have been 
made to improve internal fi xation devices, 
bone and healing augmentation methods, and 
multidisciplinary care teams to improve the 
outcome of fracture treatment in the elderly. 
As the population ages, we must continue to 
strive for more effective methods of fracture 
prevention and care.     
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      The Orthogeriatrics Model of Care                     

     Susan     M.     Friedman     

         Rationale of Orthogeriatric 
Collaboration 

 As discussed in Chap.   7    , osteoporosis and result-
ing fragility fractures can be thought of as a geri-
atric syndrome. Most osteoporotic individuals 
who sustain fragility fractures are older adults; 
more than 90 % of hip fractures occur in indi-
viduals who are 65 or older [ 1 ]. The risk of hip 
fracture doubles with every decade after the age 
of 50 [ 2 ], so that a woman who reaches the age of 
90 years has a one in three chance of sustaining a 
hip fracture [ 3 ]. 

 The association of osteoporotic fractures with 
age and frailty means that patients who present with 
these types of fractures often have signifi cant 
comorbidities. This is particularly true in recent 
years; primary prevention efforts have led to a delay 
in the onset of fi rst fracture [ 4 ], and so patients are 
presenting at older ages [ 5 ], and, concomitantly, 
have more comorbidities. These chronic conditions 
in turn increase perioperative risk, and the concern 
for postoperative complications. 

 The stakes are high, not only in terms of mor-
tality, but also for outcomes that signifi cantly 
impact the quality of an individual’s life. These 
include mobility, the ability to be independent in 

activities of daily living, and the ability to stay in 
one’s home. In addition to physical function, 
patients who sustain fragility fractures – particu-
larly those with hip fractures – are at high risk of 
developing transient cognitive decline, as a result 
of delirium, and may even have permanent decre-
ments in cognition [ 6 ]. Depression is also seen 
commonly after a hip fracture [ 7 ]. 

 Geriatricians have skills and a clinical empha-
sis on issues that are central to optimizing out-
comes of a fragility fracture. They are trained to 
understand comorbidity, frailty, and complexity, 
allowing them to identify and manage patients at 
high risk for adverse outcomes. They are com-
fortable with assessing patients’ goals, and help-
ing patients and their families make decisions 
that are consistent with those goals. The synergy 
of this expertise and the clinical skills of the 
orthopaedic surgeon can lead to improved out-
comes for patients.  

    The History of Comanagement 

 The concept of co-management of fracture 
patients by orthopaedic surgeons and geriatri-
cians is certainly not new. In the 1940s and 1950s, 
Lionel Cosin, a general surgeon in England, real-
ized that early rehabilitation after a femoral neck 
fracture could enable patients who were initially 
thought to require permanent care, to return to 
their homes. Michael Devas, an orthopaedic 
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 surgeon in England in the mid-1950s, referred to 
himself as a “humble carpenter” who needed 
“physicians to tell him what was wrong with the 
patients” [ 8 ]. Together with geriatrician Bobby 
Irvine, he developed a physician-surgeon liaison 
service. Key components of this model were 
early surgery and early rehabilitation. 

 Variations on this approach to care of patients 
with fragility fractures have been developed 
across the world in the decades following. The 
fi rst randomized controlled trial evaluating an 
orthopaedic-geriatric inpatient service and com-
paring it to traditional care was published over a 
quarter century ago [ 9 ]. Since that time, many 
other studies have shown improved outcomes 
with orthogeriatric care. Although the specifi cs 
of health care systems in different countries have 
led to differences in how care is delivered, co- 
management has become more common world-
wide in the past decade.  

    Outcomes of Orthogeriatric Care 

 Orthogeriatric care has been shown to favorably 
impact several important clinical and organiza-
tional outcomes. Most of the studies have evalu-
ated outcomes for hip fractures, and these 
programs are presented below. Because the health 
care systems, institutions, and the specifi c com-
ponents are different for the different programs, it 
is impossible to identify other elements that opti-
mize outcomes. Additionally, several of the out-
comes are measured differently, which also 
makes it challenging to compare programs. 
However, the common thread for these programs 
is the element of co-management. The most con-
sistent benefi ts include reductions in time to sur-
gery, complications, and mortality. Table  16.1  
below identifi es several of the benefi ts of ortho-
geriatric care [ 10 – 19 ].

       Models of Orthogeriatric Care 

 The focus of orthogeriatric care models has been 
on treatment of hip fractures, although other frac-
tures have also been managed using this approach 

to care. The common thread between these mod-
els has been care provided by multiple disci-
plines, identifi cation and management of medical 
problems in a timely fashion, early mobilization, 
and thoughtful discharge planning. Giusti and 
colleagues have described fi ve different models 
of care for older adults with hip fracture [ 20 ] (See 
Table  16.2 ), with similar categorization by 
Kammerlander and colleagues [ 21 ].

   Details of the different models of care are 
described in more detail below. Table  16.3  fol-
lowing provides specifi cs of the contrasts between 
these different approaches.

    Traditional model     In the traditional approach 
to care, patients are admitted to the orthopaedic 
ward, under the care of the orthopaedic surgeon. 
Medical physicians are consulted on an as- 
needed basis, depending on the surgeon’s percep-
tion of the patient’s needs. These consults may be 
obtained either pre- or post-operatively, and often 
involve a one-time assessment. Early rehabilita-
tion takes place on the unit, and patients may be 
discharged to home, a skilled nursing facility, or 
a rehabilitation facility.  

  Consultant team     This model was the fi rst 
approach to developing multidisciplinary care for 
fragility fracture patients. In the consultant model 
of care, a consultant team participates routinely, 
and is skilled in the evaluation and care of older 
adults. Patients are still admitted to an orthopae-
dic ward, and are under the care of the surgeon. 
The individual surgeon or physician determines 
how common problems or complications are pre-
vented and managed, so there is variability within 
the system. Timing of discharge planning is 
determined by the orthopaedics team.  

  Multidisciplinary care/clinical pathway     The 
multidisciplinary care/clinical pathway involves 
healthcare professionals from different disci-
plines, but, in this approach to care, there is no 
true leadership in terms of who is in charge of the 
care. Rather, the patient is managed via evidence- 
based guidelines and protocols and care 
 pathways, as they move through the hospital 
from emergency room to hospital fl oor, to 
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 surgery, to initial rehabilitation. There are usually 
regular rounds and team meetings, and continu-
ous  communication between members of the 
team, with resulting coordination of care. This 

model incorporates a heterogeneous group of 
programs, with different locations for inpatient 
care depending on the program.  

  Geriatric-led fracture service     In the geriatric- 
led fracture service, patients are admitted to a 
geriatric ward, under the care of a geriatrician, 
who serves as the primary attending. Unlike the 
other models of care, the orthopaedic surgeon 
serves as a consultant. The attending geriatrician 
coordinates with surgery to determine the timing 
of surgery, diagnostics, and other treatments, as 

   Table 16.1    Improved outcomes with orthogeriatric care   

 Outcome  First author, date  With orthogeriatric care 
 Without orthogeriatric 
care 

 Reduced time to surgery, 
days 

 Friedman, 2009 [ 10 ]  1.0 a   1.6 

 Gozalez Montalvo, 2010 [ 11 ]  5 a   6 

 Fewer complications, %  Vidan, 2005 [ 12 ]  41.2 a   61.7 

 Fisher, 2006 [ 13 ]  49.5 a   71.0 

 Friedman, 2009 [ 10 ]  30.6 a   46.3 

 Lower length of stay, days  Khan, 2002 [ 14 ]  26  27 

 Adunsky, 2003 [ 15 ]  26.9 a   31.9 

 Vidan, 2005 [ 12 ]  16  18 

 Barone, 2006 [ 16 ]  21  21 

 Fisher, 2006 [ 13 ]  10.8  11.0 

 Friedman, 2009 [ 10 ]  4.6 a   8.3 

 Gozalez Montalvo, 2010 [ 11 ]  12 a   18 

 Reduced readmission rates  Shyu, 2005 [ 17 ]  7.9  14.1 

 Fisher, 2006 [ 13 ] (6 months)  7.6 a   28 

 Friedman, 2009 [ 10 ] (30 days)  9.8  13.2 

 Reduced in-hospital 
mortality, % 

 Khan, 2002 [ 14 ]  10.4  11.1 

 Vidan, 2005 [ 12 ]  0.6 a   5.5 

 Barone, 2006 [ 16 ]  4.8 a   9.9 

 Fisher, 2006 [ 13 ]  4.7 a   7.7 

 Friedman, 2009 [ 10 ]  1.6  2.5 

 Improved function/mobility, 
% b  

 Adunsky, 2003 [ 15 ]   a  

 Vidan, 2005 [ 12 ]  53  43 

 Shyu, 2005 [ 17 ]  78.1 a   50.8 

 Prestmo, 2015 [ 18 ]  5.12 a   4.38 

 Lower cost, $  Kates, 2011 [ 19 ]  7,610 a   11,071 

 Improved quality of life c   Shyu, 2005 [ 17 ]  67.5  53.9 

 Prestmo, 2015 [ 18 ]  0.54 a   0.46 

   a Statistically signifi cant 
  b Measures of function: Adunsky – Absolute FIM functional gain/(maximal possible FIM – actual admission FIM) ≥ 0.5 – 
adjusted OR was 1.97; Vidan – recovery of ADLs at 3 months; Shyu – recovery of walking ability by 3 months; 
Prestmo – Mean score on Short Physical Performance Battery at 4 months 
  c Measures of quality of life: Shyu – Mean SF-36 vitality score; Prestmo – Mean EuroQoL-5 dimension-3 L score at 
4 months  

   Table 16.2    Models of orthogeriatric care   

 Traditional model 

 Consultant team 

 Multidisciplinary care/clinical pathway 

 Geriatric-led fracture service 

 Geriatric co-managed care 

  Adapted from Giusti et al. [ 20 ]  
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well as discharge planning, but it is the geriatri-
cian who is responsible for all of these elements. 
Care is supported by a multidisciplinary team. 
Rehabilitation may occur either on a geriatric 
rehabilitation unit, or patients may be discharged 
to a skilled nursing facility, similar to the previ-
ous models.  

  Geriatric co-managed care     This approach to 
care is the most complex and well integrated 
model of care. A central feature of this care 
model is true interdisciplinary care. As com-
pared with multi-disciplinary care, in which 
representatives from different disciplines par-
ticipate in the care of the patient, but may not 
work together in an integrated way, care pro-
vided in an interdisciplinary fashion is coordi-
nated, with the different disciplines working 
together in collaboration and cooperation. Each 
discipline writes notes and orders on the patient, 
and communication between disciplines is fre-
quent and collegial. Care is integrated around 
the needs of the patient, with each discipline 
taking ownership of the care. One well-known 
example of this is the Geriatric Fracture Center 
Model (also cited as the Rochester Model), 
which is described in more detail in the next 
section.   

    An Example of Geriatric 
Co-managed Care: The Geriatric 
Fracture Center Model 

 The Geriatric Fracture Center Model was orga-
nized with fi ve principles, as summarized in 
Table  16.4  [ 22 ].

    Most patients benefi t from surgical fracture 
stabilization     Chapter   15     describes the specifi cs 
of surgical management of hip fractures. Surgery 
accomplishes several goals, namely, pain man-
agement, restoration of function and mobility, 
reduced blood loss, promotion of fracture healing, 
and reduced risk of institutionalization [ 23 ,  24 ]. 
Ideally, surgery enables the patient to weight- bear 

   Table 16.3    Differences between models of orthogeriatric care   

 Traditional model 
 Consultant 
team 

 Interdisciplinary/
clinical pathway  Geriatric led  Comanaged 

 Where is the patient 
admitted? 

 O  O  Variable  GW  O 

 Who is in charge of 
care? 

 O  O  Pathway  G  O/G 

 What is role of 
Medicine/Geriatrics? 

 Consultant  Consultant  Part of team  Attending  Co-manage 

 Is Medicine/
Geriatrics involved 
routinely or 
as-needed? 

 As needed  Routine  Routine  Routine  Routine 

 Where are patients 
discharged? 

 Home, SNF, inpt 
rehab 

 Home, SNF, 
inpt rehab 

 Home, SNF, inpt 
rehab 

 SNF or 
geriatric rehab 

 Home, SNF 
or geriatric 
ortho rehab 
unit 

  Adapted from Giusti et al. [ 20 ] 
  O  Orthopaedics,  GW  Geriatrics ward,  G  Geriatrician,  SNF  Skilled nursing facility  

   Table 16.4    Principles of the Geriatric Fracture Center   

 Most patients benefi t from surgical fracture 
stabilization. 

 The sooner patients have surgery, the less time they 
have to develop complications and functional decline. 

 Co-management, with frequent communication 
between disciplines, avoids iatrogenesis. 

 Standardized protocols decrease unwarranted 
variability. 

 Discharge planning begins when the patient is 
admitted to the hospital. 

  Adapted from Friedman et al. [ 22 ]. With permission from 
Wiley  
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as tolerated, to optimize post-operative mobility 
and the ability to participate in rehabilitation. 
Even patients who are non-ambulatory may ben-
efi t from the pain relief provided by surgical fi xa-
tion, as well as the improved ability to tolerate 
personal care. Non-operative management is indi-
cated for some patients: those who have a very 
limited life expectancy and where risks outweigh 
benefi ts, those who present late and already have 
signs of healing, those with a stable fracture pat-
tern and minimal pain, and those who refuse after 
reviewing the risks and benefi ts of surgery.  

  The sooner patients have surgery, the less time 
they have to develop complications and func-
tional decline     Conclusions about the impact of 
delay to surgery are based on observational data, 
due to the ethical nature of randomized trials to 
answer this question. Delays to surgery may occur 
for patient-related or system-related issues. In 
patients who are otherwise stable, delays to sur-
gery may increase mortality [ 25 ], increase sever-
ity and duration of pain [ 26 ], lead to longer length 
of stay [ 26 ,  27 ] and result in worse self- care at 
6 months [ 26 ]. Patients with functional impair-
ment at baseline appear to be particularly impacted 
by surgical delays [ 28 ]. Patients who have con-
comitant acute medical issues (as contrasted with 
chronic comorbidities) have higher mortality than 
those without, but this is not impacted by timing 
of surgery [ 25 ]. Patients therefore need a rapid 
assessment to identify acute issues that impact 
ability to tolerate surgery, and distinguish them 
from chronic comorbidity and frailty. This will 
avoid the declines in function, nutrition, and cog-
nition that may occur as a result of prolonging 
immobility and pain when surgery is delayed to 
evaluate conditions that are longstanding [ 29 ].  

  Co-management, with frequent communication 
between disciplines, avoids iatrogenesis     True 
co-management implies co-ownership of the 
patient, in which all disciplines taking care of the 
patient feel responsible for the outcome. This 
approach leads to the different disciplines respect-
ing what each member can contribute to positive 
patient outcomes. Communication is frequent and 
bi-directional. This approach is based on previous 

models of geriatric care, specifi cally, Geriatric 
Evaluation and Management units, which have 
shown that outcomes are better when geriatricians 
are responsible for implementing their recommen-
dations rather than merely offering recommenda-
tions and suggestions for care [ 30 ].  

  Standardized protocols decrease unwarranted 
variability     There is signifi cant local, national, and 
international variability in hip fracture manage-
ment [ 23 ]. By using geriatrics principles and litera-
ture-based evidence, the program ensures that 
“usual” care is optimal care of this patient popula-
tion. The program has collaboratively developed 
standardized order sets, nursing care plans, and 
protocols, starting from when the patient is seen in 
the emergency room, and continuing through until 
hospital discharge. Deviations from the protocols 
are based on patient-specifi c characteristics and 
circumstances, rather than on provider preferences 
or systems issues. Standardized elements are 
updated as new literature becomes available. 
Standardization both improves quality of care and 
reduces cost. Some elements of the program that 
have been standardized are outlined in Table  16.5 .

     Discharge planning begins when the patient is 
admitted to the hospital     Most patients require 
rehabilitation after their acute hospitalization. 
Since hospital length of stay is short (typically less 
than 5 days), social work is involved early to assure 
a smooth transition. The social worker works with 
the patient and their family to assess prior living 
situation, current needs, supports, and goals. 
Timely and consistent communication reduces 
apprehension and avoids delays in hospital dis-
charge. The social worker interacts frequently with 
the medical and surgical teams to anticipate timing 
of discharge. The associations developed over time 
with area facilities help to reduce delays and facili-
tate transitions to rehabilitation.   

    Fostering Success 

 Experience and literature-based fi ndings over the 
past couple decades have indicated several ele-
ments that are important in ensuring the success 
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of a new orthogeriatric co-management program 
[ 31 ]. Starting a program takes signifi cant “up 
front” time and effort, and it has been estimated 
that it takes about 6–12 months to implement a 
program even when all the essential components 
are present [ 32 ]. Key elements are included in 
Table  16.6  following, and are further discussed 
below.

    Strong surgical and medical leader-
ship     Identifying a strong medical and a strong 
surgical leader is critical to the success of a new 
Geriatric Fracture Center program, especially 
early on. In a recent paper, lack of medical or geri-
atrics leadership in particular was identifi ed as the 
biggest barrier to implementing a geriatric frac-
ture program [ 31 ]. Effective leaders serve as 
champions to the program, and embody the prin-
ciples of true co-management and  interdisciplinary 

care; they are respectful and collaborative, and 
communicate effectively, working together to 
resolve confl icts that arise. Essential areas of 
communication include communication between 
medicine and surgery (interdisciplinary), commu-
nication with medical and surgical colleagues 
who are participating in the program (intradisci-
plinary), communication with other disciplines 
(e.g., anesthesiology, cardiology, nursing), and 
communication with administration. Program 
leaders should be accessible, reliable, and clini-
cally credible. They should be good problem solv-
ers, lead by example, and serve as role models to 
their colleagues [ 32 ]. They should also be in a 
position to build consensus with their colleagues.  

  Hospital administration support     Hospital 
administration support can be gained by present-
ing the program as a solution to existing prob-
lems. A well run program will improve patient 
care quality and clinical outcomes while reduc-
ing costs [ 19 ,  33 ]. Discussions between clinical 
and administrative leaders should occur prior to 
implementation, and on an ongoing basis as the 
program is implemented and evolves. A well- 
conceived business plan and a presentation to the 
medical center’s board of directors may be useful 
adjuncts to these discussions. Both administra-
tion and program leaders should understand that 
implementation of the new program is likely to 
involve culture change, with resulting stresses 
and benefi ts.. Discussions should be honest and 
respectful, and the relationship should be one of 
trust. Hospital administration can facilitate access 

   Table 16.6    Elements important to the success of a new 
orthogeriatric co-management program   

 Strong surgical and medical leadership 

 Hospital administration support 

 Availability of outcomes data 

 Support from the anesthesia department 

 Operating room time availability 

 Appreciation of geriatrics principles 

 Medical expertise in perioperative physiology/
medicine 

 Suffi cient volume of cases to develop expertise 

 Developing relationships with partner institutions 

   Table 16.5    Standardized elements of the Geriatric 
Fracture Center   

 Order sets and protocols 

   Direct admission protocol 

   Transfer protocol 

   Emergency department 

   Admission/pre-operative 

   Post-operative 

 Chart 

   Geriatric consult form 

   Operative consent form 

   Nursing care plan 

   Discharge instructions 

 Clinical elements 

   Pre-operative screening 

   Assessment of function and comorbidity 

   Osteoporosis assessment and treatment 

   Thromboembolism prophylaxis 

   Pain management 

   Delirium prevention 

   Antibiotic prophylaxis 

   Surgical implant selection algorithm 

   Urinary catheter management 

   Weight-bearing status 

 Other 

   Data collection 

  Adapted from Mendelson et al. [ 23 ]. With permission 
from Elsevier  
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to both quality and fi nancial data, which is neces-
sary for documentation of outcomes.  

  Availability of outcomes data     The availability 
of data is essential to making the case for an 
orthogeriatric program, and to documenting its 
success. Data on baseline length of stay and 
 readmission rate, with comparison to benchmark 
data – numbers which have implications for both 
cost and quality – will help determine if there is 
room for improvement in these numbers. Other 
important data to track includes time from admis-
sion to surgery, inpatient mortality, complica-
tions, and costs of care. Review of these clinical 
and administrative outcomes becomes a corner-
stone of a quality assurance program; regular 
review and oversight will allow for targeting of 
areas in need of improvement and will assure that 
the program is continuing to be effective.  

  Support from the anesthesia depart-
ment     Anesthesia is a critical piece of the inter-
disciplinary care provided in an orthogeriatric 
program. The anesthesiologist(s) involved in the 
program should understand geriatrics principles, 
including the importance of expediting time to 
surgery in stable patients, and optimizing opera-
tive management of the older adult. It is impor-
tant that the anesthesiologists consider themselves 
an integral part of the team, communicating as 
needed with their medical and surgical col-
leagues. Early on, and with particularly complex 
cases, face to face discussions for approaches and 
timing of care may be necessary. This can avoid 
last minute cancellation of cases, which can be 
dismaying to patients and families, in addition to 
having potential clinical implications. As the pro-
gram evolves and trust is built between the disci-
plines, care is more easily expedited.  

  Operating room time availability     The avail-
ability of a designated operating room time for 
geriatric fractures can help the organization of 
care by several disciplines. Knowing when cases 
are likely to be scheduled allows the medical 
team to evaluate the patient in a timely fashion so 
that they are ready for surgery when the operat-
ing room is available. Since the patient has 

 surgery during the day rather than later as an add-
on case, he/she is able to return to the hospital 
room earlier, when more staff and family are 
present. Setting aside designated operating room 
time reinforces the need for an adequate volume 
to ensure that the space and time are optimally 
used.  

  Appreciation of geriatrics principles     As a 
group, older adults have higher rates of periop-
erative complications than the general popula-
tion. Understanding the delicate homeostasis of 
older adults, and the diffi culty of preserving it 
during the multiple stresses that occur during this 
acute period of time, is key in optimizing out-
comes [ 29 ]. An appreciation of how normal 
aging, particularly of the cardiovascular, pulmo-
nary, and renal systems can impact stability dur-
ing surgery, is also critical. Discussion of goals of 
care, and identifying a patient’s priorities for 
care, including pain control and preservation of 
physical and cognitive function, is important to 
establish up front. Unfortunately, there is an 
ongoing dearth of geriatricians worldwide, and 
so programs frequently use hospitalists rather 
than geriatricians to provide medical care to their 
fracture patients [ 31 ]. However, there is evidence 
that co-managed programs that utilize care pro-
vided by hospitalists result in outcomes that are 
better than traditional care [ 34 ]. The hospitalist’s 
clinical experience and focus on geriatrics prin-
ciples is central to the program’s success.  

  Medical expertise in perioperative physiology/
medicine     Expertise in perioperative care goes 
hand in hand with an understanding of geriatrics 
principles in ensuring the best possible outcomes. 
Older adults often have multiple comorbidities; it 
is important to distinguish chronic stable comor-
bidities which require careful consideration and 
may need perioperative adjustment of medication 
regimen, from acute issues which need to be fur-
ther evaluated prior to the patient’s surgical pro-
cedure. For frail older adults, there is often a “less 
is more” (or a “more is less”) phenomenon, in 
which additional testing merely increases time to 
surgery without improving outcomes [ 35 ,  36 ]. 
Assessment of risk goes beyond the traditional 
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evaluation of cardiovascular risk, and should 
include an evaluation of cognition, functional 
status, nutritional status and acute vs. chronic 
needs of medications [ 29 ].  

  Suffi cient volume of cases to develop exper-
tise     All members of the interdisciplinary team 
benefi t from taking care of a volume of patients 
that is suffi cient to develop the experience and 
clinical expertise in managing these patients. 
Although there are no studies to support a mini-
mum number of patients, it has been suggested 
that it takes about 100 cases per year to develop 
an effective program [ 32 ].  

  Developing relationships with partner institu-
tions     Introducing the program to partners in the 
community, such as skilled nursing and assisted 
living facilities, can educate partners on the goals 
and approach of the program. This enables the 
partners to understand the value of the program, 
as well as what patients, their families, and pro-
viders can expect when a patient is admitted. 
Because many of the skilled nursing facilities 
also provide rehabilitation care, the communica-
tion is fostered in both directions, optimizing 
transitions from one institution to another. 
Reducing barriers to communication also fosters 
collegiality which in turn benefi ts patient care.   

    Summary 

 Older adults with osteoporotic fractures are often 
frail and complex, with multiple comorbidities. 
As a result, understanding how physiology 
changes with aging and with the stress of fracture 
and surgery, is important in managing geriatric 
patients who are hospitalized and need surgical 
intervention. Programs that employ the expertise 
of multiple disciplines in order to optimize out-
comes were fi rst seen many decades ago. More 
recently, these programs have evolved to incor-
porate true interdisciplinary care, timely surgery, 
and evidence-based best practices to optimize 
care. Although geriatricians are scarce world-
wide, programs that utilize geriatrics principles 
and focus on the needs of frail older adults in the 

acute perioperative setting have seen improved 
outcomes and improved likelihood of return to 
baseline function.     
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