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v

The second edition of Osteoporosis: Pathophysiology and Clinical 
Management was edited by Robert Adler. It was a successful compilation that 
combined key topics in basic science bone biology with clinical discussions 
regarding osteoporosis diagnosis and management. In this third edition, we 
have tried to keep to this same strategy for most topics in the exciting and 
ever-growing literature of osteoporosis. Some new chapters have been added 
to reflect the new insights and controversies in this rapidly evolving field. 
Chapters on basic and clinical aspects of potent new therapeutics (deno-
sumab, romosozumab, and PTH analogs) have been added. We are grateful to 
Drs. Lewiecki, Tabacco, Bilezikian, Baron, and Gori for their contributions 
on these important new therapies.

Recently, the topic of safety of osteoporosis therapeutics has garnered 
considerable attention among physicians, patients, and the lay press. 
Therefore, we are pleased to add a new chapter on safety considerations for 
osteoporosis therapies by Drs. Lianne Tile and Angela Cheung. Despite the 
considerable benefit of our current osteoporosis therapeutics, exactly how 
these agents should be used in combination and over time remains to be 
defined. As such, we have included a new chapter on combination and sequen-
tial use of therapeutics that highlights very important new studies on this 
topic.

Finally, recent years have witnessed an explosion in knowledge regarding 
the basic mechanisms controlling how bone cells function in health and dis-
ease. As such, we have added new chapters on osteoblast, osteoclast, and 
osteocyte function and are pleased to include a new chapter that details recent 
advances in the genetics of bone density, fracture risk, and response to osteo-
porosis therapies. In addition, we would like to highlight the recent advances 
in structural biology, reviewed by Dr. Thomas Gardella, that have revolution-
ized the field of parathyroid hormone receptor signaling. We hope that this 
textbook will represent a valuable resource for a wide variety of skeletal biol-
ogy researchers, clinical trainees, and clinicians.

Preface



vi

We need to thank all the contributors for producing quality work. In an era 
when time is precious and all of us are stretched, writing a chapter is not usu-
ally high on the priority list. Therefore, the tremendous work of the contribu-
tors to this volume, all recognized experts in their fields, is greatly 
appreciated.

Boston, MA, USA Marc N. Wein
  Benjamin Z. Leder 
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Basic Aspects of Osteoblast 
Function

Christina Vrahnas and Natalie A. Sims

 Introduction to the Osteoblast 
Lineage: Multiple Stage-Specific 
Functions

Osteoblasts are specialized mesenchymal- 
derived cells that produce and deposit the collag-
enous bone matrix and regulate the mineralization 
of that matrix by their production of additional 
non-collagenous proteins. The osteoblast lineage 
includes not only these bone-forming osteoblasts 
but also their pluripotent and lineage-committed 
precursors, bone lining cells, and matrix- 
embedded osteocytes (Fig.  1.1). Each of these 
stages of the osteoblast lineage has distinct func-
tions, morphologies, particular locations relative 
to the bone surface, and increasingly well-defined 
markers of differentiation (noted on Fig. 1.1 and 
discussed below).

The different stages of osteoblast differentia-
tion allow these cells to perform three major 
functions that determine skeletal structure (noted 
on Fig. 1.1 and discussed below): (1) production 
of bone matrix (osteoid), (2) regulation of osteoid 
mineralization by production of non-collagenous 
proteins, and (3) support of osteoclast formation. 
In addition, osteoblast lineage cells produce para-
crine factors, such as IL-6 family cytokines, para-
thyroid hormone-related protein (PTHrP), and 
contact-dependent molecules such as EphrinB2, 
that regulate their own differentiation and activity 
[1–3]. Osteoblasts have also been suggested to 
act as “reversal” cells, allowing communication 

Key Points
• The osteoblast lineage includes pluripo-

tent precursors,  preosteoblasts, osteo-
blasts, osteocytes, and bone lining cells.

• Osteoblasts are the cells responsible for 
formation of the collagen-rich bone 
matrix (osteoid) which becomes miner-
alized by the deposition and accumula-
tion of mineral crystals.

• Mineralization of the bone matrix is 
regulated by proteins produced by the 
osteoblast lineage including alkaline 
phosphatase and non-collagenous pro-
teins in the bone matrix.

• Osteoblast lineage cells also control the 
differentiation of osteoclasts through 
their production of receptor activator of 
NF-ΚB ligand (RANKL), macrophage 
colony-stimulating factor (M-CSF), and 
osteoprotegerin (OPG).

• Bone lining cells have the potential to be 
a source of osteoblast precursors.

C. Vrahnas 
MRC Protein Phosphorylation and Ubiquitylation 
Unit, University of Dundee, Nethergate, Dundee, UK 

N. A. Sims (*) 
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between osteoclasts and osteoblasts, during the 
bone remodeling process [4]. The functions of 
the osteoblast lineage are not limited to the con-
trol of bone structure. They also regulate the 
hematopoietic stem cell niche [5, 6], contribute to 
hematopoietic malignancies [7], and to B cell 
homeostasis [8]. The osteoblast lineage also has 
endocrine functions in phosphate homeostasis [9] 
and glucose metabolism [10]. This chapter will 
focus on describing the stages of osteoblast dif-
ferentiation and the functions of the lineage that 
regulate bone structure and bone matrix 
composition.

 Osteoblast Differentiation 
and the Stages of the Osteoblast 
Lineage

 Osteoblast Precursors

The osteoblast lineage arises from pluripotent 
mesenchymal progenitors. In vitro, these cells 
can be induced to differentiate into other mesen-
chymal origin cells such as chondrocytes, adipo-
cytes, myoblasts, or fibroblasts [11] (Fig. 1.1). In 
vivo, bone marrow-derived mesenchymal pro-
genitors have a more restricted future, being 
capable of differentiating into chondrocytes, 

osteoblasts, and adipocytes [12]. The location of 
these cells in the marrow has been refined by cell 
lineage-tracing studies (using genetically altered 
mice with fluorescent tags that are retained 
throughout differentiation) to be in close associa-
tion with vascular structures [13]. This provided 
support for much earlier studies proposing that 
the pericyte, a cell found wrapped around endo-
thelial cells, can behave as an osteoblast progeni-
tor [14, 15]. Pericytes in different tissues appear 
to behave in an organ-specific manner, dictated 
by their anatomy and position; only bone marrow- 
residing pericytes appear capable of becoming 
osteoblasts [12]. This illustrates the importance 
of the microenvironment in determining 
 differentiation. For more details, the reader is 
directed to a recent focused review on the identity 
of osteoblast progenitor populations [16].

The source of osteoblast progenitors is not 
restricted to the bone marrow pericytes. During 
embryonic bone development, perichondrial cells 
were identified as precursors giving rise to osteo-
blasts on trabecular bone [17]. This has been con-
firmed by lineage-tracing studies, which also 
identified these precursors as entering the mar-
row space with invading blood vessels and 
thereby contributing to both bone development 
and fracture healing [18]. Similar observations 
have been made that differentiated hypertrophic 

Fig. 1.1 Stages of the osteoblast lineage. The osteoblast 
lineage arises from pluripotent mesenchymal progenitors, 
capable of differentiating into adipocytes or into chondro-
cytes or osteoblasts. Commitment to the osteoblast lin-
eage is determined by expression of transcription factors 
including Runx2 and osterix. Once osteoblasts become 
mature, they deposit collagen type I-rich matrix (osteoid) 
as a template for bioapatite mineral deposition and express 
alkaline phosphatase (ALP), osteopontin, and osteocalcin, 
proteins that regulate bone mineralization. Osteoblasts 

then undergo one of three fates: (1) apoptosis, (2) remain 
on the bone surface as bone lining cells, or (3) become 
embedded within their collagenous bone matrix as 
“osteoid- osteocytes,” which then become terminally dif-
ferentiated osteocytes. Osteocytes also regulate the miner-
alization of the bone matrix through their production of 
DMP-1, MEPE, and sclerostin. Bone lining cells appear 
to be capable of reactivation to become active osteoblasts 
or osteoblast precursors 

C. Vrahnas and N. A. Sims
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chondrocytes at the growth plate can “transdif-
ferentiate” into osteoblasts during development 
and fracture healing [19], again confirming much 
earlier in vitro work [20]. Lineage tracing studies 
have also suggested that bone lining cells [21] 
and recently embedded osteocytes [22] can act as 
osteoblast precursors, although the latter remain 
highly controversial. It is likely that lining cells 
are already committed to the lineage, rather than 
having the potential to differentiate in chondro-
cytes or adipocytes. This suggests that there are 
multiple sources of osteoblast progenitors 
in vivo, with differentiation that is both context- 
and location-specific.

Commitment of precursors to the osteoblast 
lineage is controlled by the expression of a range 
of transcription factors. Absolutely essential for 
the commitment to the preosteoblast stage are 
runt-related transcription factor 2 (Runx2) and 
osterix [23, 24]. Other transcription factors 
including activating transcription factor 4 (ATF4) 
[25], activator protein 1 (AP-1) [26], and CCAAT/
enhancer-binding proteins β and δ (C/EBPβ and 
C/EBPδ) [27] promote the transition to matrix- 
producing osteoblasts.

Since osteoblasts and adipocytes are derived 
from common precursors, many of these tran-
scription factors also inhibit mesenchymal pro-
genitor commitment to adipogenesis [26, 28]. 
Alternatively, transcription factors such as per-
oxisome proliferation-activated receptor γ 
(PPARγ) [29] and CCAAT/enhancer-binding 
protein α (C/EBPα) [30] promote differentiation 
into adipocytes. This inverse relationship between 
osteoblast and adipocyte differentiation was first 
observed in cell culture [31]. This has also been 
described in  vivo in genetically altered mouse 
models, either where high osteoblast numbers are 
associated with low marrow adipocyte volume 
[26] or where low osteoblast numbers are associ-
ated with high marrow adipocyte volume [32–
34]. Similar reciprocal regulation has been 
made in animal models of ovariectomy-induced 
bone loss [35]. There are exceptions to this, such 
as the C3H/HeJ mouse strain which has high 
bone mass [36] and high marrow adiposity [37]. 
Reciprocal regulation of osteoblasts and adipo-
cytes has also been observed clinically: increased 

marrow adiposity is associated with age-related 
osteoporosis [38]. Understanding the relation-
ships between osteoblast and adipocyte commit-
ment remains an area of active research, since 
it may allow the development of additional treat-
ments to increase bone mass.

The osteoblast precursor can also give rise to 
chondrocytes; this is important in the context of 
developmental and pediatric bone growth, and 
fracture healing, and may be of relevance for 
methods to repair joint cartilage. The osteoblast 
commitment transcription factors Runx2 and 
osterix not only promote osteoblast commitment 
but also stimulate the final stage of chondrocyte 
differentiation prior to vascular invasion in endo-
chondral ossification [39–41]. Reciprocal regula-
tion of chondrogenesis versus osteoblastogenesis 
from the same common precursor has also been 
suggested [42], as described above for adipo-
cytes, but mechanisms controlling this have not 
yet been identified.

 Matrix-Forming Osteoblasts

Mature matrix-forming osteoblasts are character-
ized by a cuboidal morphology and are located in 
groups with extensive cell-cell contact [43–45]. 
Osteoblasts are also located in close apposition to 
the bone surface; this indicates that as they dif-
ferentiate to this stage, these cells must migrate, 
probably in groups to the bone surface, likely in 
response to coupling factors produced by osteo-
clasts or other cells within the basic multicellular 
unit [46–48]. There are two exceptions to this. 
During skeletal development, osteoblasts can 
form bone de novo (without a surface to work 
on), and during endochondral ossification, calci-
fied cartilage serves as a template on which 
osteoblasts deposit bone.

At the electron microscope level, matrix- 
forming osteoblasts exhibit abundant endoplas-
mic reticulum, in line with their major function as 
factories for production of type I collagen, the 
main component of the osteoid matrix (see 
below). Matrix-producing osteoblasts also 
express a range of non-collagenous proteins. 
These include proteins involved in regulating the 
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incorporation of mineral into the osteoid matrix 
(alkaline phosphatase [49], osteocalcin [50], and 
osteopontin [50]) and receptors that regulate their 
response to factors influencing their further dif-
ferentiation and function, such as receptors for 
IL-6 family cytokines [33, 51] or the receptor 
used by parathyroid hormone (PTH) and PTH- 
related protein (PTHrP), PTH1R [52]. The mech-
anisms of matrix production and mineralization 
will be discussed below.

When their production of osteoid matrix is com-
plete, mature osteoblasts undergo one of three 
fates: [1] remain on the surface of bone as less 
metabolically active bone lining cells, [2] die by 
apoptosis, or [3] become entrapped within the oste-
oid matrix and, as the osteoid is mineralized, fur-
ther differentiate to become osteocytes (Fig. 1.1).

 Osteocytes

Osteocytes are embedded within the bone matrix 
during the process of bone formation, and through 
their extensive dendritic processes and their fluid- 
filled network of communicating channels, they 
sense and respond to mechanical strain and 
microdamage to bone. They are the most abun-
dant cells in bone by far, forming a highly com-
plex cellular communication network through the 
bone matrix with a total of ~3.7 trillion connec-
tions throughout the adult skeleton [53].

How osteoblasts become embedded into the 
bone matrix remains unknown. The manner in 
which osteoblasts become osteocytes has been 
described as “encased,” “buried,” and “merged” 
into the matrix suggesting that the manner of 
transformation may depend on the type of bone 
formed [54]. It is possible that the type of bone 
being made (woven vs lamellar) or mode of ossi-
fication as well as location (periosteal/endocorti-
cal/trabecular) can determine how an osteoblast 
becomes embedded into the matrix. There are no 
specific signals made by the osteoblast that have 
been found to directly control this process. When 
an osteoblast transitions into the recently 
secreted matrix (osteoid) to become an osteocyte 
(Fig.  1.1) they are termed “osteoid-osteocytes” 
[55]. The most striking difference between 

osteoblasts and osteoid-osteocytes is the mor-
phological change that occurs during this transi-
tion. The cuboidal morphology of the osteoblast 
changes into a less cuboidal cell which eventu-
ally transforms into a smaller cell body with 
many dendritic cellular projections characteris-
tic of osteocytes. Upon mineralization of the 
osteoid, the ultrastructure of the osteocyte 
changes in line with its reduced protein-produc-
tion capacity, including reduced endoplasmic 
reticulum and Golgi apparatus [56].

Differentiated osteocytes reside within lacu-
nae in the bone matrix and form an extensive 
intercellular network throughout the bone 
matrix and regulate both bone formation and 
resorption. Cell contact is a notable feature of 
this network [53], as is the ability of these cells 
to sense and respond to mechanical load and 
microdamage [57]. In addition to controlling 
osteoblast activity on the bone surface by the 
release of local factors such as sclerostin [58], 
and oncostatin M [33], osteocytes regulate min-
eralization of the bone matrix by expressing fac-
tors such as dentin matrix protein 1 (DMP-1) 
[59] and matrix extracellular phosphoglycopro-
tein (MEPE) [60] and act in an endocrine man-
ner to control phosphate homeostasis by their 
release of fibroblast growth factor 23 (FGF23) 
[61] (refer also to Chap. 3 (Basic Aspects of 
Osteocyte Function)).

 Bone Lining Cells

Osteoblasts that do not become terminally differ-
entiated osteocytes or undergo apoptosis remain 
on the bone surface to become flattened bone lin-
ing cells. Lining cells are characterized by flat 
nuclei and the ability to synthesize only small 
amounts of protein and, like other cells of the 
osteoblast lineage, connect with each other via 
gap junctions [62].

Although long regarded as a protective cell 
population covering the bone surface that is “rest-
ing,” or “quiescent”, bone lining cells, like osteo-
blasts, express receptors for endocrine and 
paracrine agents. Their contraction from the bone 
surface in response to PTH [63] was suggested to 
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allow osteoclasts access to the bone surface [64]. 
It has been suggested that this lifting of the bone 
lining cell layer occurs not only in response to 
PTH treatment but also at the commencement of 
bone remodeling to generate a temporary canopy 
[65]. Such a canopy was previously suggested as 
a mechanism that encloses the bone remodeling 
activity, separating it from the rest of the bone 
marrow microenvironment [66], thereby provid-
ing a controlled locale in which osteoblast lin-
eage cells, osteoclasts, and other contributing 
marrow cells, may exchange factors. This canopy 
is also closely associated with blood vessels, 
which can thereby readily provide both osteo-
blast and osteoclast precursors for the bone 
remodeling process [67, 68].

In addition to forming a canopy, bone lining 
cells are capable of reactivation to form active 
matrix-producing osteoblasts. This was first 
hypothesized when intermittent PTH administra-
tion increased osteoblast number on the bone sur-
face without increasing osteoblast proliferation 
[69]. This mechanism has now been verified by 
lineage-tracing studies where intermittent admin-
istration of PTH reactivated quiescent lining cells 
to mature osteoblast in vivo [70]. Such reactiva-
tion of lining cells has also been demonstrated 
after mechanical loading [71] and after treatment 
with anti-sclerostin, a therapeutic stimulus of 
bone formation [72]. This reactivation is in addi-
tion to the proposal that these cells form a prolif-
erating progenitor population during adulthood 
[21] and may provide a more rapidly inducible 
partially differentiated source of osteoblast 
precursors.

 Bone Formation: Osteoid 
Production and its Mineralization

Bone is a heterogenous compound material. The 
mineral phase, in the form of modified hydroxy-
apatite (bioapatite)  crystals, contributes about 
two-thirds of its weight. The remaining organic 
matrix consists largely of type I collagen (~90%) 
[73, 74], with small amounts of lipid (~2%), ~5% 
non-collagenous proteins, proteoglycans, and 
water [75]. Non-collagenous proteins within the 

bone matrix include substances that act as signal-
ing molecules (such as transforming growth fac-
tor β (TGFβ) and insulin-like growth factor 1 
(IGF1)) and substances that regulate mineraliza-
tion (such as osteocalcin and DMP-1).

While a range of cell types are capable of 
depositing mineral, particularly in cell culture 
conditions or in pathological circumstances (such 
as vascular calcifications), it is only the osteo-
blast that is capable of bone formation. 
Osteoblasts are responsible for the deposition of 
bone matrix on a range of surfaces and in a num-
ber of different contexts. During endochondral 
bone formation, osteoblasts deposit bone on a 
cartilage template. This process occurs both in 
skeletal development and in fracture healing. In 
these instances, osteoblasts attach to the cartilage 
template and deposit osteoid, which becomes 
mineralized, according to processes described 
below. During intramembranous bone develop-
ment, bone is formed directly by mesenchymal 
precursors with no underlying template. This 
process occurs largely during skeletal develop-
ment, particularly of the calvarial bones, and 
occurs during the formation of the periosteal col-
lar at the diaphysis (midshaft) of bones that form 
by endochondral ossification. During bone 
remodeling, bone mass is maintained by osteo-
blasts that form sufficient bone to replace bone 
that was recently removed by osteoclasts. In con-
trast, during bone growth, periosteal expansion 
occurs by modeling, where osteoblasts form bone 
on a bone surface that has not been previously 
resorbed. There are also pathological conditions, 
where bone is formed in locations where it is not 
normally found, e.g., in heterotopic ossifications 
in the muscle in the context of injury [76] or in 
rare genetic conditions [77]. In all of these pro-
cesses, bone formation occurs as follows.

Osteoblasts do not produce “bone” per se, but 
synthesize a collagen-rich osteoid matrix. The 
osteoid matrix serves as a template for the subse-
quent deposition of mineral in the form of bioapa-
tite which contributes to the hardness of bone. The 
balance between osteoid and mineral content 
determines bone strength: essentially, the collagen 
provides flexibility, while the mineral provides 
hardness. The process of mineralization is 
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 controlled by non-collagenous proteins produced 
by late-stage osteoblasts and osteocytes. We will 
describe each of these processes in turn (Fig. 1.2).

 Osteoid Deposition

When osteoid is deposited by osteoblasts, it has 
two potential forms depending on its collagen 
orientation and speed of production: woven and 
lamellar bone. During bone development and 
fracture healing, woven bone is deposited rap-
idly: this substance contains disordered, seem-
ingly randomly oriented collagen fibers. In 
contrast, lamellar bone is highly organized. 
Fibers are more slowly deposited, predominantly 
oriented longitudinally, and create a defined, 
ordered structure [78]. Collagen fibers in lamellar 
bone are oriented in perpendicular planes in adja-
cent lamellae [79], adding strength of the sub-
stance. The loose structure and random 
orientation of woven bone suggest that it is 

mechanically weaker than lamellar bone. This 
has been tested in human fetal bone, where 
younger, more woven bone was associated with 
lower elasticity and lower resistance to penetra-
tion (microhardness) [80].

How osteoblasts are instructed to form either 
woven or lamellar bone is not known, but ultra- 
high voltage electron microscopy studies suggest 
that even during lamellar bone formation, colla-
gen fibers are deposited sparsely and randomly, 
but as the osteoblast becomes more distant due to 
further deposition, the  fibres begin to reoirent 
parallel to the direction of growth and become 
thicker [81]. This suggests that as-yet unidenti-
fied events after initial collagen secretion may be 
responsible for the woven or lamellar nature of 
bone. Adding to these observations, live cell 
imaging of osteoblasts engineered to deposit 
fluorescent- labeled collagen has recently revealed 
that osteoblasts constantly move during the col-
lagen assembly process, and actively exert forces 
on the fibrils, physically shaping the collagen 

Fig. 1.2 The process of bone matrix production and min-
eralization. Mature osteoblasts on the bone surface deposit 
newly formed matrix, known as osteoid (1), largely com-
prised of type I collagen (a triple helical structure). After 
collagen deposition, the matrix becomes progressively 
mineralized by the accumulation of hydroxyapatitic bio-
apatite crystals (2). This mineralization process has two 

phases. Within ~5–10 days, osteoid undergoes rapid pri-
mary mineralization, and over subsequent weeks, months, 
and years, secondary mineralization occurs. The bioapa-
tite crystals grow and accumulate carbonate in the more 
mature regions of bone, and collagen fibers become more 
condensed (compact) presumably due to steric hindrance 
caused by the presence of the growing crystals
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matrix and potentially guiding the formation of 
osteocyte lacunae [82].

Type I collagen comprises a triple-helix struc-
ture of two α1 and one α2 polypeptide chain 
[83]. In osteoblasts, single pro-α chains are syn-
thesized in the endoplasmic reticulum, which 
assemble into procollagen triple helices, and are 
released by exocytosis into the extracellular 
space, where the N- and C-termini are cleaved, 
allowing the formation of fibrils [84]. Multiple 
intracellular posttranslational modifications, 
including hydroxylation of proline and lysine 
residues, and glycosylation, stabilize the colla-
gen triple helical structure [85]. After secretion, 
collagen fibers are stabilized and bone is 
strengthened further by the formation of inter- 
and intra-molecular cross-links, through the 
action of lysyl oxidase [86]. Other modifications 
such as advanced glycation adversely affect the 
mechanical properties of the bone matrix, par-
ticularly during ageing [87]. Defects not only in 
the proteins coding collagen itself but also in the 
many different aspects of collagen fibril assem-
bly, including collagen folding, secretion, cross- 
linking, and posttranslational modifications, 
have been described in the diverse family of skel-
etal fragilities observed in osteogenesis imper-
fecta [88].

 Matrix Mineralization

After collagen is deposited, it becomes progres-
sively mineralized by the accumulation of bio-
apatite crystals. This mineralization process has 
two phases. Within ~5–10 days, osteoid under-
goes rapid primary mineralization, and over sub-
sequent weeks, months, and years, secondary 
mineralization occurs [89]. During primary min-
eralization, the tissue usually reaches ~50–70% 
of its final mineral content [90, 91]. During sec-
ondary mineralization, mineral continues to 
accumulate at a slower rate [92], the crystals 
beome larger [89], and carbonate is substituted 
for phosphate groups within the matrix [93, 94]. 
In addition, as mineral is deposited, the sur-
rounding collagen fibers of bone also change, 

becoming more compact, possibly in response to 
the growing crystals [93, 94] (Fig. 1.2).

The final stage of mineralization achieved in 
the bone substance varies locally within the bone 
matrix and depends on the species, sex, age, and 
anatomical location of the bone [95]. 
Mineralization involves the release of matrix ves-
icles, which are cell-derived extracellular 
membrane- enclosed particles of poorly crystal-
line bioapatite mineral [96, 97]. The mineral 
crystals become ordered (a process termed nucle-
ation) by a process driven by contact with colla-
gen, local availability of calcium and phosphate, 
and by apatite nucleators such as DMP-1 and 
osteopontin [98, 99]. The importance of 
phosphate- regulating proteins is clearly illus-
trated by the association of human and murine 
genetic insufficiencies in phosphate regulators 
with impaired bone mineralization [100–102].

Mineralization initiation, accrual, and crystal 
maturation are controlled, not only by apatite 
nucleators but also by a range of multifunctional 
non-collagenous proteins secreted by mature 
osteoblasts and osteocytes. Osteoblasts and osteo-
cytes express proteins that support mineralization 
such as alkaline phosphatase, PHOSPHO1, phos-
phate-regulating neutral endopeptidase, X-linked 
(PHEX), and bone sialoprotein/integrin- binding 
sialoprotein. Osteoblasts and osteocytes also 
express proteins that inhibit mineralization, such as 
osteocalcin [103], MEPE, and PC-1 (Enpp1) [104]. 
An illustration of the fine control exerted by osteo-
blasts on mineralization is their ability to control 
local levels of inorganic phosphate through alka-
line phosphatase (ALP) and plasma cell membrane 
glycoprotein-1 (PC-1). Hydroxyapatite nucleation 
depends on a high ratio of inorganic phosphate (Pi), 
which promotes mineralization, to inorganic pyro-
phosphate (PPi), which inhibits it. Alkaline phos-
phatase (ALP) positively regulates this balance by 
hydrolyzing PPi to form the Pi required for hydroxy-
apatite crystal nucleation; insufficiency of ALP 
leads to poor mineralization, as observed in indi-
viduals with hypophosphatasia [100]. In contrast, 
PC-1 inhibits mineralization by producing inor-
ganic pyrophosphate; insufficiency of PC-1 there-
fore leads to excessive mineralization [104].
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 The Osteoblast Lineage Supports 
Osteoclast Formation, Attachment, 
and Bone Resorption

The function of the osteoblast lineage is not 
restricted to bone formation. Osteoblast lineage 
cells also control the differentiation of osteo-
clasts, the cells responsible for bone resorption. 
There are three major ways in which cells of the 
osteoblast lineage carry out this role: (1) by pro-
ducing RANKL and OPG in response to para-
crine and endocrine agents, (2) by releasing 
chemoattractants that draw osteoclast precursors 
to the bone surface, and (3) by preparing the bone 
surface for osteoclast attachment. We will discuss 
each of these actions in turn.

 Production of RANKL and OPG

A range of locally acting cytokines, including 
interleukin-11 (IL-11), prostaglandin E2, PTHrP, 
and oncostatin M, stimulate osteoclast formation, 
but do not achieve this by direct action on osteo-
clast precursor themselves. Instead, these agents, 
and endocrine factors like PTH and 
1,25- dihydroxyvitamin D, stimulate osteoclast 
formation indirectly, by acting on osteoblast lin-
eage cells to stimulate expression of RANKL and 
CSF-1 (M-CSF), two regulatory molecules that 
are both required for osteoclastogenesis [105–
110]. It is the interaction of RANKL with its 
receptor (RANK), expressed on the cell surface of 
mononuclear hemopoietic osteoclast precursors, 
that triggers osteoclast formation (Fig. 1.3).

The necessity for RANKL and RANK for 
osteoclastogenesis was demonstrated by the gen-
eration of genetically altered mice that lack either 
RANKL or RANK and exhibited a lack of osteo-
clasts and severe osteopetrosis [111, 112]. 
Osteoblast lineage cells also express a soluble 
protein that is a non-signaling decoy receptor for 
RANKL, known as osteoprotegerin (OPG). OPG 
acts as a “brake” on osteoclast differentiation by 
blocking the interaction of RANKL and RANK 
[113, 114], and through modulation of RANKL 
and OPG expression, osteoblasts can precisely 
regulate the formation of osteoclasts.

RANKL is expressed at all stages of osteo-
blast differentiation, including in precursors, 
matrix-producing osteoblasts, bone lining 
cells, and osteocytes [115]. RANKL produc-
tion is not exclusive to osteoblast lineage cells. 
T-cells and natural killer (NK)-cells also 
express RANKL and are capable of promoting 
osteoclast formation [116, 117]. It appears that 
expression of RANKL by T-cells is dispens-
able for normal bone development and mainte-
nance [118]. In contrast, in mice that lack 
RANKL in the osteoblast lineage, severe 
osteopetrosis is observed [119]. However, the 
most important stage in osteoblast differentia-
tion for production of RANKL is not known, 
and whether the key source of RANKL is the 
osteocyte, the bone lining cell, or the preosteo-
blast remains controversial [21, 119–122]. One 
important concept to consider is that direct 
contact between the RANKL-expressing osteo-
blast lineage cells and the RANK-expressing 
haemopoietic osteoclast precursors is abso-
lutely required for osteoclast formation in vitro 
[123, 124], and the same situation is likely to 
be true in  vivo (Fig.  1.3). While recombinant 
soluble RANKL certainly promotes osteoclast 
formation from precursors in vitro [125], and 
in vivo [126], there remains no convincing evi-
dence that soluble RANKL, produced by 
osteoblast lineage cells, can substitute for the 
membrane form, nor is there any convincing 
evidence of a physiological role for circulating 
RANKL.  This means it is important to con-
sider the location of the osteoblast lineage cells 
most likely to support osteoclast formation. 
Cells in the marrow, or in direct contact with it, 
such as osteoblast precursors and bone lining 
cells, rather than embedded osteocytes, are 
more likely to come into contact with osteo-
clast precursors, and therefore more likely to 
support osteoclast formation in normal remod-
eling. It has been difficult to understand how 
osteocytes, from within the matrix, could con-
trol RANKL availability to osteoclast precur-
sors in the bloodstream through a 
contact-dependent mechanism although it has 
been suggested that osteocyte processes extend 
into the marrow space [127]. However, even 
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when osteocytes were cultured in direct con-
tact with osteoclast precursors and stimulated 
with appropriate stimuli, only binucleated 
“osteoclasts” formed [120].

RANKL production by osteoblast-lineage 
cells is also stimulated by microdamage within 
the bone matrix. Microdamage or microcracks are 
small defects in the bone matrix that occur in both 
pathological conditions and with normal skeletal 
loading [128]. Experimental loading, which 
causes a higher level of microdamage, initiates 
bone resorption [129], and indeed, resorption and 
replacement of the bone compromised by this 
damage is one of the important mechanical func-
tions of bone remodeling [128]. It has been sug-
gested that the microdamage site “steers” those 
osteoclasts already functioning on the bone sur-
face toward the site of damage [130]. Microdamage 

within the bone is sensed by osteocytes, which are 
terminally differentiated osteoblasts that reside 
within the bone matrix, and sense changes in pres-
sure within the matrix. Anatomical studies of rat 
bone in which microcracks were induced by 
ex  vivo loading demonstrated that osteocytes 
located near to microcracks are more likely to be 
apoptotic compared to sites more distant to the 
microcrack [131]. Mechanical loading of human 
bone ex  vivo and of rat bone in  vivo increases 
osteocyte apoptosis [132, 133], and osteocytes 
surrounding the dying cell increase their produc-
tion of RANKL to initiate resorption [134]. In 
support of this, short-term deletion of osteocytes 
in vivo resulted in a rapid increase in expression 
of RANKL mRNA in the bone, presumably by 
osteoblast lineage cells, and an increase in osteo-
clast formation [135].

Fig. 1.3 The osteoblast lineage supports osteoclasto-
genesis. Osteoblast lineage cells control the differentia-
tion of osteoclasts in response to paracrine and endocrine 
agents and locally acting cytokines such as vitamin D, 
interleukin- 6 (IL-6), oncostatin M (OSM), and parathy-
roid hormone (PTH) / parathyroid hormone-related pro-
tein (PTHrP). These agents and factors act on the 
osteoblast lineage to stimulate expression of RANKL 
and M-CSF which each promote osteoclast formation. 
M-CSF is soluble. Receptors for both RANKL and 
M-CSF are expressed on the cell surface of mononuclear 

hemopoietic osteoclast precursors. Direct contact 
between membrane-bound RANKL and its membrane-
bound receptor (RANK) triggers osteoclast formation. 
Osteoblast lineage cells also express a decoy receptor for 
RANKL, known as osteoprotegerin (OPG), which 
blocks the interaction of RANKL and RANK. Through 
their modulation of RANKL and OPG expression, osteo-
blasts can precisely regulate the formation of osteoclasts. 
Osteocytes also express RANKL, but the mechanism by 
which this reaches the osteoclast precursors remains 
undefined
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Another factor produced by the osteoblast lin-
eage and required for osteoclast formation is 
CSF-1/M-CSF [136, 137]. Together, RANKL 
and CSF-1 are all that is required to support 
osteoclast formation from bone marrow precur-
sors in  vitro. Just as observed in RANKL null 
mice, mutant mice lacking CSF-1 also exhibit 
severe osteopetrosis due to lack of osteoclast for-
mation [138]. While RANKL is membrane bound 
and acts to promote osteoclast precursor fusion, 
CSF-1 is secreted by osteoblasts and promotes 
osteoclast precursor proliferation [139].

 Release of Chemoattractants

Another mechanism by which osteoblasts control 
osteoclast differentiation is by controlling the 
movement of osteoclast precursors toward each 
other (allowing fusion) and to the bone surface 
(allowing attachment) through their release of 
chemoattractants. These factors may be depos-
ited in the bone matrix itself during bone forma-
tion; they may be released by active osteoblasts 
or may be released from apoptotic osteocytes. 
Some bone matrix-derived factors, suggested to 
act as chemoattractants for monocytic osteoclast 
precursors, include osteocalcin, fetuin-A, and 
collagen-I fragments [140]. Thus, attraction of 
osteoclast precursors to the bone surface may be 
determined by the specific content of the bone to 
be resorbed; this is supported by studies of age-
ing bone. As bone ages, collagen-I is isomerized, 
and aged bone, which has a higher ratio of α/β 
collagen isomers, supports the formation of many 
more osteoclasts in  vitro than younger bone 
[141], supporting a role for matrix constituents, 
deposited by osteoblasts, in the control of osteo-
clast formation.

Production of a range of chemokines (includ-
ing stromal-derived factor-1 (SDF-1/CXCL12); 
chemokine-ligands 3, 5, and 7 (CCL3, CCL5, 
CCL7) [142]; chemokine (C-X-C motif) ligand 1 
(CXCL1) [143]; and monocyte chemoattractant 
protein-1 (MCP-1) [144]) by osteoblast-lineage 
cells is stimulated by osteoclastogenic factors 
including the cytokines interleukin-1β (IL-1β), 
tumor necrosis factor α (TNF-α), and PTHrP. Such 

factors have been shown in vitro to act on osteo-
clast precursors (monocyte macrophages) to stim-
ulate their chemotaxis and fusion [143, 145, 146], 
and it is likely that they have similar roles in vivo.

 Preparing the Bone Surface 
for Osteoclast Attachment 
and Resorption

To commence resorption, the multinucleated 
osteoclast attaches to the bone matrix via the 
interaction of integrins with arginine-glycine- 
aspartic acid (RGD) sequences in non- 
collagenous matrix proteins including osteopontin 
and bone sialoprotein [147]. These proteins were 
laid down by osteoblasts during the previous 
cycle of bone formation. So, at some distance, it 
could be said that osteoblasts regulate osteoclast 
attachment by their control of the bone matrix 
itself. Intriguingly, mice lacking bone sialopro-
tein or osteopontin demonstrate, respectively, 
reduced osteoclast surface and reduced response 
to osteoclastogenic stimuli [148, 149]. However, 
this appears to be an indirect result of the reduced 
osteoblast numbers (and therefore reduced 
osteoblast- derived RANKL and M-CSF), or a 
requirement for intracellular osteoclastic osteo-
pontin [150], rather than it relating to attachment 
to the bone matrix. Further work is required to 
determine how the bone matrix itself regulates 
osteoclast attachment; however, it should be 
noted that this is unlikely to be a method that pre-
cisely controls bone resorption, given the time 
delay between bone formation and subsequent 
resorption; more likely it is a mechanism that 
may exist in different types of bone that are 
responsible for biological variation in the level of 
bone resorption.

 Concluding Remarks

The osteoblast lineage includes a range of cell 
types: multipotent precursors, matrix-producing 
osteoblasts, osteocytes, and bone lining cells; 
each of these stages of the lineage has distinct 
functions which we are only beginning to fully 
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understand. The most well-known role of the 
osteoblast lineage is the production of bone 
matrix and the control of its mineralization by 
non-collagenous proteins. The osteoblast lineage 
controls both the progression of differentiation of 
its own lineage and the formation of osteoclasts, 
the cells that resorb bone. As such the lineage is 
central to the control of bone mass, both by form-
ing it and by controlling its destruction.
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 Osteoclasts in the Bone Landscape

Osteoclasts are highly specialized hematopoietic 
cells that reside on and resorb the bone surface. 
Osteoclasts have some similarities to macro-
phages in their shared myeloid lineage and in that 
they are also functionally specialized for “diges-
tion.” In contrast to macrophages, osteoclasts do 
not phagocytose but rather exert their digestive 
function outside the cell through a process called 
lysosomal exocytosis, in which the lysosome 
fuses with the plasma membrane and releases its 
content in the extracellular space. A further dis-
tinguishing characteristic of osteoclasts is that 
they are multinuclear, forming from fusion of 
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Key Points
• Osteoclasts are the only cell type known 

to resorb bone, and their activity is 
essential for normal skeletal develop-
ment and remodeling to repair skeletal 
microdamage.

• Osteoclast differentiation from myeloid 
precursors requires two key cytokines, 
MCSF and RANKL, as well as a sec-
ond signal that is initiated by activation 
of an ITAM-associated receptor. During 
differentiation, osteoclast precursors 
fuse through a poorly understood mech-
anism to form mature multinucleated 
osteoclasts.

• Osteoclasts form a tight connection to 
bone, termed the sealing zone, and 
secrete acid and degradative enzymes 
through a specialized membrane-rich 
ruffled border into the resorption 
lacunae.

• Increased osteoclast activity in states of 
estrogen deficiency or inflammation 
contribute to osteoporosis. In contrast, 
genetic mutations, which impair osteo-
clast formation or activity, result in dis-
eases such as osteopetrosis and 
pycnodysostosis.
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mononuclear precursors. Normal skeletal devel-
opment and remodeling require the action of 
osteoclasts, which are the only cells definitively 
shown to resorb bone. Balance between osteo-
clast and osteoblast activity is critical to maintain 
the skeleton and either over- or underactive 
osteoclast function can result in skeletal disease. 
The classic and most common disease of excess 
osteoclast activity is osteoporosis. As such, it is 
helpful for clinicians treating osteoporosis or 
other bone diseases to understand where osteo-
clasts come from, the stimuli that drive their dif-
ferentiation, and the mechanism by which they 
resorb bone.

Osteoclasts differentiate from myeloid precur-
sors in the presence of the key osteoclastogenic 
cytokine, RANKL (receptor activator of NF-κB 
ligand) and survival factor MCSF (macrophage 
colony-stimulating factor). As with many hema-
topoietic cells, differentiation requires a second 
signal, in this case provided by any one of several 
immunoglobulin receptors that signal through an 
associated immunoreceptor-based activation 
motif, or ITAM-containing adapter. A number of 
signaling pathways are activated downstream of 
stimulation of RANK, the receptor for RANKL, 
and ITAM-associated receptors, which converge 
to drive expression of the transcription factor 
NFATc1 (nuclear factor of activated T cells), the 
master regulator of osteoclastogenesis. NFATc1, 
in conjunction with the transcription factor AP-1, 

drives expression of a number of molecules that 
are required for osteoclast resorptive function, 
such as the protease cathepsin K and tartrate- 
resistant acid phosphatase (TRAP). The history 
of the discovery of osteoclasts as cells of the 
myeloid lineage and the identification of specific 
osteoclast precursors is discussed in detail in sec-
tion “Cellular Origins of Osteoclasts.” The events 
of osteoclast differentiation and fusion, including 
an extensive discussion of the receptors, ligands, 
signaling pathways, and transcription factors 
involved, are covered in section “Osteoclast 
Differentiation”.

Osteoclasts do not function in isolation, but 
rather work in proximity with osteoblasts and 
osteocytes in what is termed the bone multicel-
lular unit (BMU), diagrammed in Fig. 2.1. Within 
the BMU, osteoclasts and osteoblasts work in 
series to remodel bone. In the activation phase, 
remodeling can be stimulated by mechanical 
stress, microfractures, microischemic, or other 
events which release factors “trapped” in the 
bone microenvironment including TGFβ and 
IGF-1 [1]. These factors activate lining osteo-
blasts which can then recruit migratory mature 
osteoclasts as well as drive maturation of osteo-
clast precursors through the expression of 
RANK. Mature osteoclasts undergo cytoskeletal 
rearrangement, becoming highly polarized and 
form a specialized structure called the sealing 
zone which isolates the space between the 

Fig. 2.1 Osteoclasts in the bone multicellular unit. 
Osteoclasts and osteoblasts work in series to remodel the 
bone in the bone multicellular unit (BMU). The process of 
remodeling consists of four sequential and distinct phases 
of cellular events depicted above: activation, resorption, 

reversal, and formation. The coupling of osteoclasts to 
osteoblasts is mediated by the liberation of growth factors 
by process of resorption, cell contact-mediated pathways, 
and secreted factors produced by osteoclasts

N. Alesi et al.
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 osteoclast and underlying bone from the sur-
rounding environment. Acidification and exocy-
tosis of hydrolases, including the protease 
cathepsin K, into this space results in dissolution 
of the mineral and digestion of the organic matrix 
of bone. The process of bone resorption is 
reviewed in section “Functions of Osteoclasts”.

In the reversal phase, the BMU switches from 
resorption to formation in what is termed the 
reversal phase. During this phase, digestion of 
bone by osteoclasts releases other factors trapped 
in the bone matrix, including BMPs, TGFβ, and 
IGF-1, which are thought to stimulate osteoblasts 
to form bone [2, 3]. Osteoclasts also modulate 
osteoblast function both through cell contact- 
mediated interactions and secreted factors, a reg-
ulatory function of osteoclasts discussed in 
section “Functions of Osteoclasts”. In the forma-
tion phase, mature osteoblasts deposit osteoid, 
demineralized bone matrix, followed by deposi-
tion of hydroxyapatite to generate mineralized 
bone (see Chap. 5).

The importance of osteoclast function for 
bone health is underscored by the variety of 
genetic diseases that map to the osteoclast, cov-
ered in section “Genetic Diseases of Osteoclast 
Dysfunction”. Excessive osteoclast activity also 
contributes to bone pathology in post- menopausal 
osteoporosis and inflammatory arthritis, among 
other conditions. In these settings, osteoclast dif-
ferentiation and activity are modulated both 
directly by a variety of cytokines and indirectly 
by enhanced RANKL expression. The influence 
of microenvironment on osteoclasts is explored 
in section “Regulation of Osteoclasts By Their 
Environment”. Overall, this chapter attempts to 
provide a broad review of the cellular and molec-
ular aspects of osteoclast differentiation and 
function.

 Cellular Origins of Osteoclasts

A distinct multinucleated cell type associated 
with bone was reported as early as 1849, though 
the first use of the term osteoclast was not until 
1873 [4, 5]. It was not until the 1960s, however, 
that it was conclusively demonstrated that osteo-

clasts resorb bone [6–8]. Osteoclasts were pro-
posed to be derived from leukocytes as early as 
1911, based on their morphologic similarity to 
foreign body giant cells [9]. A series of elegant 
parabiosis and chimera experiments performed 
by Walker in the 1970s conclusively demon-
strated the hematopoietic origin of osteoclasts 
[10–13]. A myeloid origin for osteoclasts was 
proposed early on because of the morphologic 
and functional similarities with macrophages and 
giant cells and confirmed by experiments in 
which labeled peripheral blood monocytes 
injected into mice resulted in generation of 
labeled osteoclasts [14].

Osteoclast progenitors have subsequently 
been more precisely defined though the in vitro 
assessment of the ability of various subsets of 
bone marrow or peripheral blood cells to differ-
entiate into osteoclasts in the presence of 
RANKL. Each of these studies have used a vari-
ety of myeloid cell surface markers to define the 
osteoclast progenitor. Arai and colleagues per-
formed the seminal studies in this area, demon-
strating that the bone marrow CD11blo CD117+ 
(c-Kit) population contained precursors that 
could differentiate into osteoclasts in the pres-
ence of MCSF and RANKL [15]. Several groups 
have identified early myeloid progenitor popula-
tions in the bone marrow that are highly enriched 
for osteoclast progenitors and are distinct from 
the progenitors for monocytes and dendritic cells 
[16–19]. Peripheral blood monocytes from both 
mice and humans can differentiate into osteo-
clasts in the presence of MCSF and 
RANKL. Using purification based on cell surface 
markers in conjunction with in  vitro osteoclast 
differentiation assays, a population of peripheral 
osteoclast progenitors sharing many features of 
classical circulating monocytes was identified in 
mice [17]. Circulating osteoclast progenitor pop-
ulations in humans have similarly been identified 
as having markers overlapping with classical 
monocytes [20, 21]. Although both bone marrow 
and circulating progenitor populations efficiently 
differentiate into osteoclasts, the relationship 
between these progenitor pools and relative con-
tribution of these progenitors to maintaining 
osteoclast formation is unknown.

2 Basic Aspects of Osteoclast Differentiation and Function
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 Osteoclast Differentiation

 Overview

Osteoclasts represent a terminally differentiated 
cell in the myeloid lineage. Similar to other dif-
ferentiated myeloid cells, key cytokine stimuli 
are required to activate specific intracellular sig-
naling pathways to initiate specific transcrip-
tional programs. The master transcriptional 
regulator of osteoclasts, the transcription factor 
NFATc1, is essential for osteoclast differentiation 
and function [22]. The process of osteoclast dif-
ferentiation from immature myeloid precursor 
cells is highly regulated by both positive and 
negative stimuli emanating from surrounding 
bone and immune cells. These signals orchestrate 
a coordinated signaling cascade that initiates pre-
cursor proliferation, fusion to multinucleated 
cells, cellular polarization, adherence to bone, 
and activation of functional resorption (Fig. 2.2).

 Receptors

 RANK/RANKL Signaling Is Essential 
for Osteoclast Differentiation
The key cytokine required to stimulate osteoclast 
differentiation is RANKL[23, 24] which was 
originally described under several names includ-
ing OPGL (osteoprotegerin ligand) [25], ODF 
(osteoclast differentiation factor) [26] and 
TRANCE (TNF-related activation-induced cyto-
kine) [27]. RANKL is in the TNF (tumor necrosis 
factor) cytokine family (TNFSF11) and is pro-
duced by osteoblasts, stromal cells, osteocytes, 
and activated immune cells as both a type II 
transmembrane protein and a secreted cytokine. 
RANKL binds to RANK (receptor activator of 
NF-κB) on myeloid cell precursors and serves as 
the key stimulus for osteoclast differentiation and 
activation. Studies of mice genetically deficient 
in RANK or RANKL demonstrated that in the 
absence of RANK signals, no osteoclasts are 

Fig. 2.2 Osteoclast differentiation. Osteoclasts develop 
from immature myeloid precursors. When stimulated by 
MCSF, they upregulate RANK, and then under the stimu-
lation of MCSF and RANKL, they initially form mono-
nuclear osteoclasts that fuse into multinucleated cells. The 
multinucleated osteoclasts polarize and adhere to bone 
and become functionally bone resorbing through secre-
tion of metalloproteinases, acid, and cathepsin K (white 
box lower right shows osteoclast-specific genes). The fig-
ure shows in blue: Stimuli required to progress in osteo-
clast differentiation, in green: key transcription factors 

upregulated at each stage during osteoclast differentia-
tion, in boxes within the cell: key osteoclast genes upregu-
lated at each stage. Abbreviations: MCSF macrophage 
colony-stimulating factor, RANK receptor-activating 
NFkB, MITF microphthalmia-associated transcription 
factor, DC-STAMP dendritic cell-specific transmembrane 
protein, ECM extracellular matrix, GM-CSF, CTSK 
cathepsin K, TRAP tartrate resistant acid phosphatase, 
ITAM immunoreceptor tyrosine-based activating motif, 
CLC7 voltage-gated chloride channel 7, CTR calcitonin 
receptor, CTSK cathepsin K, CAII carbonic anhydrase II
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generated. Mice genetically deficient in RANK 
or RANKL have bones that are severely osteope-
trotic, and the animals are toothless due to their 
inability to erupt teeth in the absence of osteo-
clastic degradation of the mandible [28–31]. 
RANKL also binds to a soluble decoy receptor 
OPG (osteoprotegerin or “bone protector”) which 
serves to prevent RANKL from interacting with 
RANK. Mice deficient in OPG are osteoporotic, 
and transgenic mice that overexpress OPG have 
few osteoclasts and are severely osteopetrotic 
[32–36]. The ratio of RANKL and OPG expres-
sion in the vicinity of osteoclast precursors is 
therefore important in determining the osteoclast 
differentiation response. Expression of RANKL 
and OPG is both highly regulated, and their pro-
duction by osteoblasts/stromal cells is regulated 
by endocrine factors such as PTH and 
1,25(OH)2D3 and inflammatory cytokines such as 
TNF and IL-1 [37]. Many cytokines, hormones, 
and growth factors regulate osteoclastogenesis 
indirectly, through regulation of RANKL and/or 
OPG expression on other cell types (Table 2.1). 
RANKL stimulation is required for osteoclasto-
genesis but is also required to activate functional 

resorption by mature osteoclasts, while lack of 
RANKL stimulation impairs osteoclast survival 
[37]. Given this critical role in osteoclast genera-
tion and function, RANKL was identified as an 
ideal therapeutic target. Denosumab (see Chap. 
17) is an anti-RANKL antibody currently FDA 
approved for a number of indications, including 
treatment of postmenopausal women and men 
with osteoporosis at high risk for fracture, bone 
loss during cancer hormone ablation therapy, 
glucocorticoid-induced osteoporosis, and skele-
tal lesions in patients with bone metastases from 
solid tumors and giant cell tumors of the bone 
[38–40].

RANKL and OPG are expressed by osteo-
blasts, stromal cells, and osteocytes; however, the 
relative importance of each source has only 
recently been redefined. Osteoblasts lining the 
bone surface were previously thought to be the 
primary source of RANKL during osteoclasto-
genesis. However, osteocytes, the cells residing 
deep within the bone, were found to express high 
levels of RANKL, and osteocyte-derived RANKL 
can reach the bone surface through osteocyte 
canaliculi to interact with precursor cells and 

Table 2.1 Modulators of RANKL and OPG expression

RANKL OPG References
PTH Increased Decreased [173, 174]
PTHrP Increased Decreased [175, 176]
1,25(OH)2 Increased Decreased [177, 178]
Vitamin D3
Wnts Decreased Increased [179]
Estradiol No change Increased [180]
Glucocorticoid Increased Decreased [181]
Prostaglandin E2 Increased Decreased [182]
VEGF No change Decreased [183]
IGF-1 Increased Decreased [184]
PDGF receptor ββ inhibitors (imatinib nilotinib) Decreased Increased [185]
Oncostatin M Increased Increased [178]
IL-1 Increased Increased [177, 181]
IL-6 Increased Increased [178]
IL-11 Increased No change [186, 187]
IL-17 Increased Decreased [186]
IL-18 Increased Decreased [188]
IFNγ Increased Increased [186]
TNF Increased Increased [188, 177, 181]
TGFβ Decreased Increased [189, 190]
CD40L Increased Not tested [35]
BMP-2 Not tested Increased [177]

2 Basic Aspects of Osteoclast Differentiation and Function
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stimulate differentiation (Fig.  2.3) [41]. An 
osteocyte-specific deletion of RANKL leads to a 
significant osteopetrotic bone phenotype in mice, 
demonstrating the importance of osteocyte- 
derived RANKL for basal bone remodeling [42–
44]. Osteocytes also express OPG, which can 
diffuse through the lacuno-canalicular system to 
downregulate osteoclastogenesis. Under patho-
logic conditions such as mechanical unloading or 
“weightlessness,” osteocytes increase production 
of sclerostin, a Wnt inhibitor, which leads to 
decreased OPG and increased RANKL produc-
tion to stimulate osteoclastogenesis [45, 46]. 
Osteocyte-derived RANKL has also been shown 
to be critical for the increased osteoclast forma-
tion and bone loss due to a low-calcium diet [47] 
and estrogen deficiency [48]; thus osteocytes are 
a critical source of RANKL in a variety of 
homeostatic and pathologic states [41]. RANKL 
is produced as a membrane-bound protein on the 
cell surface that is cleaved at the surface by 
enzymes (such as matrix metalloproteinase 14) to 

generate a soluble form. The relative importance 
of membrane and soluble RANKL was examined 
using genetically modified mice that produced a 
form of RANKL that could not be cleaved. The 
lack of soluble RANKL in adult mice led to 
increased cancellous bone mass and decreased 
osteoclast numbers, suggesting that soluble 
RANKL is in important ongoing osteoclast for-
mation. However, lack of soluble RANKL did 
not affect bone mass in developing mice or bone 
loss due to estrogen deficiency suggesting that 
membrane RANKL is sufficient for osteoclasto-
genesis under other conditions [49].

 Second Signals: Co-stimulatory 
Receptors in Osteoclast Differentiation
Similar to other immune cells, osteoclasts require 
simultaneous stimulation through multiple recep-
tor signals to initiate the cellular differentiation 
program (Fig. 2.4). While signaling through the 
RANK receptor is the key specific osteoclasto-
genic signal, a critical co-stimulatory signal is 

Fig. 2.3 Osteocytes secrete key regulator of osteoclasts. 
Osteoclasts differentiate under the stimulation of MCSF 
and RANKL. While a number of cell types produce these 
cytokines, including osteoblasts, stromal cells, and T cells, 
the cell type responsible for RANKL production important 
in maintaining bone homeostasis is the osteocyte. 
Osteocytes are highly differentiated osteoblasts imbedded 
in the bony matrix. Shown in the bone remodeling unit in 

which cells are connected to each other and the cell surface 
through a canalicular network that allows osteocyte cells to 
interact with cells at the surface of bone. Using mice defi-
cient in RANKL only in osteocytes, it was shown that 
osteocytes supply RANK ligand for osteoclastogensis in 
both homeostatic and pathologic conditions such as low-
calcium diet and estrogen deficiency

N. Alesi et al.
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directed by innate receptors that utilize ITAM 
(immunoreceptor tyrosine-based activation 
motif) signaling adapters, DAP12 (DNAX- 
associated protein 12kD size), and FcRγ (FcεR1γ 
chain) [50, 51]. The ITAM motif was initially 
recognized as a common sequence in the cyto-
plasmic tails of the signaling chains associated 
with the T cell receptor and B cell receptor but 
has since been identified in a number of receptor- 
associated cytoplasmic domains, where it is used 
to link receptor activation to downstream signal-
ing cascades. The ITAM adapter chains transduce 
signals from a variety of ligand-binding immuno-
receptors on osteoclasts. Signaling through 
ITAM adapter chains in osteoclast precursors ini-
tiates the calcium flux that leads to the activation 
of NFATc1, the master transcriptional regulator 
required for osteoclastogenesis [52]. Innate 
immunoreceptors generally function to activate 
cells in response to local microenvironmental 
change, and it is likely that the combined input of 
a number of coreceptors on osteoclast precursors 
fine-tunes osteoclast differentiation and func-
tional response. Each of the ITAM signaling 

chains pairs with specific immunoreceptors, with 
the best known pairs being TREM2-DAP12 and 
OSCAR-FcRγ [53]. Ligands that stimulate these 
receptors in the bone microenvironment are not 
well defined, though potential ligands include 
collagen fragments for OSCAR and apoptotic 
cells for TREM2 53].

Mice deficient in both of the ITAM adapter 
chains, DAP12, and FcRγ are severely osteope-
trotic with no osteoclasts in the long bones [50, 
51]. However, these mice are distinct from 
RANK- or RANKL-deficient mice, in that mice 
deficient in both DAP12 and FcRγ have teeth, 
because they can develop osteoclasts in the jaw 
needed for tooth eruption [51]. Surprisingly, 
despite the lack of osteoclasts in the long bones 
under basal conditions, following a bone- 
remodeling stimulus such as estrogen deficiency, 
DAP12−/−/ FcRγ−/− mice lose significant amounts 
of bone and are able to generate osteoclasts 
in  vivo [54]. These studies suggest that the 
requirement for specific coreceptors can be 
bypassed under specific microenvironmental 
conditions, either due to the usage of additional 

Fig. 2.4 RANK signaling interactions. RANK stimula-
tion leads to binding of TRAF6 which forms a central scaf-
fold with Gab2/TAK1/TAB2 and subsequent activation of 
a number of pathways including NFκB and several MAPK 
intracellular signaling cascades (JNK1, p38, ERK1, PI3K) 
and interaction with the immunoreceptor ITAM signaling 
pathway. In the figure receptors are shown in black, adapter 
proteins in blue, enzyme intermediates in signaling  cascade 

in blue boxes, and activation of transcription factors in 
orange boxes, with the master regulator of osteoclastogen-
esis NFATc1 in the orange box outlined in red. Cooperation 
with the ITAM signaling pathway is shown on the right, 
where the interaction provides the intracellular calcium 
flux needed for NFATc1 translocation. Osteoclast-specific 
genes downstream from NFATc1 are shown in the white 
box lower right

2 Basic Aspects of Osteoclast Differentiation and Function
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coreceptors or alterations in other regulatory 
signals.

One additional signal comes through the 
MCSF receptor (CSF-1R or cFms), a tyrosine 
kinase-based growth factor receptor that is 
required for osteoclastogenesis. The identifica-
tion of a mutation in the coding region of MCSF 
(also known as CSF-1) in the osteopetrotic op/op 
mice demonstrated the essential nature of MCSF 
receptor signals for osteoclast development [55, 
56]. MCSF stimulation promotes the prolifera-
tion, survival, and differentiation of a number of 
myeloid cells and is similarly important during 
osteoclastogenesis. MCSF is produced by osteo-
blasts, stromal cells, and osteocytes, similar to 
RANKL.  In osteoclasts, MCSF also stimulates 
cytoskeletal organization, cellular spreading, and 
migration [56].

Osteoclasts also interact with their surround-
ings through cell surface receptors, which is 
important for differentiation of osteoclasts to a 
polarized, bone degrading cell. Osteoclast- 
expressed integrins interact with bone matrix 
through αvβ3 binding to RGD peptides in the 
extracellular matrix. This interaction polarizes 
the osteoclast cell and initiates actin ring forma-
tion, creating the characteristic ruffled border 
[57–59]. The osteoclast forms an external pha-
golysosome adherent to the bone at the actin ring 
which organizes the sealing zone underneath the 
osteoclast where enzymatic and acidic bone deg-
radation can take place [58–60]. Mice deficient in 
the β3 integrin subunit cannot efficiently organize 
their cytoskeleton for resorption and have an 
osteopetrotic phenotype with hypocalcemia [61]. 
Matrix interaction with the αvβ3 integrin induces 
phosphorylation of DAP12 and formation of an 
ITAM/Syk/Src/αvβ3 signaling complex [57, 62]. 
The importance of these interactions for osteo-
clast function is seen in β3/DAP12 double- 
deficient (DAP12−/−β3−/−) mice that are 
profoundly osteopetrotic, reflecting a severe 
degree of osteoclast dysfunction, which is not 
seen in mice lacking either αvβ3 or DAP12 alone 
[63]. These examples suggest that multiple recep-
tor inputs are also required to fully activate osteo-
clast adherence and functional bone resorption, 
mimicking the need for the multiple co- 

stimulatory signals required in the early stages of 
osteoclastogenesis. Functional activation of 
osteoclasts is therefore a final step in the process 
of specialized cellular differentiation to form 
mature terminally differentiated osteoclasts.

 Fusion and the Formation 
of Multinucleated Osteoclasts

One of the most unique and distinctive properties 
of osteoclasts is multinucleation. Multinucleation 
has typically thought to be a requirement for 
resorptive activity in higher vertebrates, although 
some fish species have mononuclear osteoclasts. 
As early as the 1980s, it was appreciated that this 
multinucleation occurred through fusion of mono-
nuclear cells rather than by endoreplication [14, 
64]. The precise mechanism by which homotypic 
membrane fusion of osteoclast precursors occurs 
is not known, though a number of proteins impor-
tant for osteoclast fusion have been identified.

Three cell surface molecules induced by 
RANKL are strongly implicated in osteoclast 
fusion. These molecules are the multi-pass trans-
membrane proteins known as DC-STAMP and 
OC-STAMP (dendritic cell- and osteoclast- spe-
cific transmembrane protein) and ATP6V0d2 
(ATPase, H+ transporting, lysosomal 38 kDa, V0 
subunit d2). DC-STAMP and OC-STAMP are 
required for multinucleation of osteoclasts [65–
69]. Only one cell in a cell-cell fusion needs to 
express STAMPs, as wild-type monocytes can 
fuse with STAMP-deficient monocytes. Loss of 
DC-STAMP results in mononuclear osteoclasts 
and also defective resorptive function, leading to 
increased trabecular bone [68]. Loss of 
OC-STAMP also results in mononuclear osteo-
clasts with diminished resorptive activity in vitro, 
but OC-STAMP-deficient mononuclear osteo-
clasts appear to function adequately in vivo as the 
mice have no bone phenotype [67, 70]. ATP6V0d2, 
a subunit of the V-ATPase complex essential for 
extracellular acidification, is also essential for 
osteoclast fusion. As with DC-STAMP, 
Atp6v0d2−/− mice have increased bone mass [71].

A number of additional molecules have been 
implicated as regulators of osteoclast fusion, 
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though none are essential for fusion, and mice 
lacking these molecules have modest or no bone 
phenotype. These molecules include CD47 and 
SIRPα (signal regulatory protein alpha), tetraspa-
nins, CD44, and ADAM8 (a disintegrin and 
metalloprotease 8) [72]. Although identification 
of molecules involved in fusion of mononuclear 
precursors to a mature, multinucleated osteoclast 
has provided insight into the requirements for 
fusion, we have little mechanistic insight into the 
fusion process, and much remains to be learned.

 Downstream Events: Signaling 
Cascades and Transcriptional 
Activation

Osteoclastogenesis requires the activation of a 
number of transcription factors to induce the tran-
scriptional program that defines the osteoclast, 
including expression of TRAP, integrin β3, cathep-
sin K, matrix metalloprotease 9, and calcitonin 
receptor [73]. RANKL stimulation leads to the 
upregulation and activation of NFATc1, the mas-
ter regulator of osteoclast differentiation [22], 
through activation of a number of signaling path-
ways, including the canonical NF-κB and AP-1 
pathways and facilitation of calcium signaling by 
ITAM-associated receptors. The complexity of 
RANK-induced signaling is outlined in Fig. 2.4. 
While significant advances have been detailed by 
numerous studies, these complex interactions 
remain incompletely understood, and new key 
signaling factors are still being described [73]. 
The delineation of intracellular signaling during 
osteoclastogenesis has been a topic of consider-
able interest given that identification of critical 
signaling intermediates may suggest new thera-
peutic targets to block bone loss and will also fur-
ther our understanding of how these pathways are 
dysregulated by medications or pathologic or 
inflammatory disease states.

 Signaling Cascades in Osteoclast 
Differentiation
RANKL interaction with the RANK receptor ini-
tiates a signaling cascade beginning with the 
binding of the adapter molecule TRAF6, which 

forms scaffolds that lead to activation of JNK, 
p38, and NF-κB [73, 74] (Fig. 2.4). While there 
are multiple TRAF adapters, the key role for 
TRAF6 in osteoclastogenesis was shown when 
the TRAF6-deficient mouse was found to develop 
severe osteopetrosis with impaired osteoclast dif-
ferentiation and bone resorption [75].

RANK/TRAF6 signaling recruits IKK-α (IκB 
kinase alpha) and IKKβ- (IκB kinase beta), also 
known as IKK1 and 2, an upstream enzyme com-
plex in the NF-κB signaling cascade. The α- and 
β-subunits together are catalytically active as a 
serine-threonine kinase and are modified by 
IKK3/IKK-β or NEMO (NF-κB essential modi-
fier of NF-κB kinase), a subunit of the IKK com-
plex that serves a regulatory function. Activation 
of the IKK complex leads to binding of NEMO to 
IKK-α and IKK-β with subsequent serine phos-
phorylation of IκB, which binds NF-κB and 
retains it in the cytoplasm [76]. Phosphorylation 
of IκB leads to its ubiquitination and degradation 
by the proteasome, releasing NF-κB and allowing 
its translocation to the nucleus where it initiates 
gene transcription. Mice lacking NF-κB subunits 
develop osteopetrosis due to a severe defect in 
osteoclast differentiation [77]. In the NF-κB-null 
mice, development of macrophages and osteo-
clast precursors is preserved, suggesting that 
NF-κB is not essential during early osteoclast dif-
ferentiation [78, 79]. Gene targeting studies have 
demonstrated that different transcription factors 
are required at different stages of osteoclast dif-
ferentiation and therefore differentially affect 
other myeloid lineages (Fig. 2.2) [73].

TRAF6 also links RANK to multiple MAPK 
(mitogen-activated protein kinase) pathways: 
ERK, JNK and p38, through formation of com-
plexes with TAK1 (TGF-β-activated kinase), 
TAB1 and TAB2 (TAK-1-binding proteins 1 and 
2) [73]. Ablation of TAK1 in myeloid cells results 
in defective osteoclastogenesis and development 
of osteopetrosis in mice [80]. Interestingly, TAK1 
deficiency alters signaling through NF-κB, p38 
MAPK, and Smad1/5/8 and has been shown to 
alter expression of multiple transcription factors, 
including PU.1, MITF, c-Fos, and NFATc1, sug-
gesting that TAK1 acts as a regulator at multiple 
points during osteoclast differentiation [80].
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RANK stimulation of MAPK activation leads 
to activation of downstream targets of ERK, JNK, 
and p38  in osteoclast precursors, which include 
c-Fos, AP-1 transcription factors, and MITF, 
respectively [73]. AP-1 (activator protein-1), 
which is composed of a protein complex of Fos 
(c-Fos, FosB, Fra-1 and Fra-2) and Jun (c-Jun, 
JunB, and JunD) proteins, is critical during osteo-
clastogenesis, because genetic deletion of c-Fos 
also abrogates osteoclastogenesis resulting in 
osteopetrosis [81]. Interestingly, cFos-deficient 
animals have increased macrophages; thus AP-1 
regulation of osteoclast and macrophage differen-
tiation is in opposing directions [81]. Transgenic 
mice expressing dominant negative c-Jun in the 
osteoclast lineage also demonstrate severe osteo-
petrosis with defective osteoclastogenesis [81]. 
The role of p38 MAPK is more complex as, 
although p38-deficient cells have defective osteo-
clastogenesis and p38 MAPK inhibitors can 
inhibit in  vitro osteoclastogenesis, p38 MAPK 
deficiency in monocytes led to only a minor 
increase in bone mass in young animals, while 
older animals developed osteoporosis and an 
increase in osteoclastogenesis. The absence of 
p38 led to increased monocyte proliferation and 
increased size of the osteoclast progenitor pool in 
the aged mice, demonstrating a complex role for 
p38 that varies with age [82, 83]. ERK1 positively 
regulates osteoclast development and bone resorp-
tion, and genetic deletion of ERK1 in hematopoi-
etic cells resulted in reduced osteoclast progenitor 
cell number, decreased osteoclast function with 
defective pit formation, and diminished MCSF-
mediated adhesion and migration [84].

RANK also activates the PI3K (phosphoinosit-
ide 3-kinase)/AKT pathway. PI3K activation 
leads to the production of phosphatidylinositol-
(3,4,5)-phosphate (PIP3) at the plasma mem-
brane, where it recruits AKT. The critical nature 
of PI3K/AKT for osteoclasts was demonstrated 
by deletion of the p85 regulatory subunit of the 
Class IA PI3K, which results in an osteopetrotic 
phenotype caused by a defect in osteoclast 
resorption of bone. Class IA PI3K was found to 
be required to initiate ruffled border formation 
and vesicular transport, but not for the formation 
of the sealing zone [85]. p85α/β doubly deficient 

osteoclasts showed defective AKT activation and 
loss of resorption, which could be recovered by 
expression of activated AKT.  Simultaneous 
blockage of both AKT and MEK1/2 causes rapid 
apoptosis of nearly all osteoclasts, which sug-
gests a role for PI3K in osteoclast survival. In 
keeping with this finding, PI3K inhibitors can 
also lead to rapid osteoclast apoptosis [86].
Activation of PI3K/AKT by RANK is modulated 
by Src kinase activity, thus integrating RANK 
and ITAM-associated receptor signaling. This 
collaborative activation of PI3K/AKT is demon-
strated by the loss of RANKL-mediated AKT 
activation in cells genetically deficient for c-Src. 
PI3K is also activated downstream of αvβ3 integ-
rin and CSF-1 receptor, which may be of impor-
tance in regulation of osteoclast function [73]. 
AKT activation requires PIP3 production, which 
is negatively regulated by PTEN (phosphatase 
and tensin homolog) and SHIP1 (SH2- containing 
inositol phosphatase 1). As would be predicted, 
both PTEN and SHIP1 negatively regulate osteo-
clast differentiation, with deficiency of either 
SHIP1 or PTEN, leading to increased osteoclas-
togenesis and severe osteoporosis in mice [87, 
88].

 Transcription Factors in Osteoclast 
Differentiation
The transcription factor PU.1, an ETS-domain 
transcription factor, is expressed at all stages of 
osteoclast differentiation but plays a critical role 
early in osteoclastogenesis and is essential for 
development of all myeloid lineage cells. In 
osteoclast precursors, PU.1 regulates expression 
of the CSF-1 receptor and RANK which are 
required for osteoclastogenesis. Consistent with 
this, PU.1 deletion in mice causes osteopetrosis 
and lack of both osteoclasts and macrophages 
[89, 90]. PU.1 also cooperatively regulates gene 
transcription with other key osteoclastogenic 
transcription factors MITF and NFATc1 and thus 
plays a role in later osteoclast differentiation as 
well [89]. MITF plays a later role in osteoclast 
differentiation, around the time of precursor cell 
fusion to multinucleated cells. Mutations in 
MITF lead to osteopetrosis with formation of 
only mononuclear osteoclasts that are defective 
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in bone resorption with a lack of ruffled border 
formation on bone [91–94].

NFATc1 was termed the master switch for 
regulating the terminal differentiation of osteo-
clasts because ectopic expression of NFATc1 in 
precursor cells led to efficient differentiation to 
osteoclasts in the absence of RANKL signaling 
[22]. NFATc1-deficient embryonic stem cells 
also failed to differentiate into OCs in response to 
RANKL stimulation; thus the expression of 
NFATc1 was both necessary and sufficient to 
drive osteoclastogenesis [22]. NFAT transcrip-
tion factors are regulated primarily by intracellu-
lar calcium signaling. Signals through the ITAM 
adapters initiate calcium signaling that is required 
in the basal state to drive osteoclastogenesis and 
NFATc1 activation [50, 51]. In osteoclast precur-
sors, stimulation of ITAM-associated receptors 
leads to phosphorylation of the tyrosine residues 
in the ITAM motif through the action of Src fam-
ily kinases. The activated ITAM motif then 
recruits the tyrosine kinase Syk which initiates a 
signaling cascade involving the intermediates 
BTK/Tec, BLNK (B cell linker)/SLP76 and 
phospholipase C-γ2 [51, 52, 95. PLCγ2 is acti-
vated through phosphorylation which increases 
its catalytic function to hydrolyze phosphati-
dylinositol- 4,5 bisphosphate into inositol-1,4,5- 
triphosphate (IP3) and diacylglycerol. IP3 then 
activates receptors on the endoplasmic reticulum 
to stimulate Ca2+ release from the endoplasmic 
reticulum to the cytoplasm [52, 96]. The increase 
in cytoplasmic Ca2+ activates calcineurin, a cyto-
plasmic phosphatase that dephosphorylates 
NFATc1, allowing it to translocate to the nucleus 
to initiate and regulate gene transcription. 
Consistent with this, calcineurin inhibitors such 
as FK506 and cyclosporin A strongly inhibit 
osteoclastogenesis [52]. NFATc1 also autoampli-
fies its own gene, possibly by binding to its own 
promoter, and associates with AP-1 to initiate 
gene transcription of essential osteoclast genes 
such as TRAP, calcitonin receptor, cathepsin K, 
and β3 integrin [97].

The transcription factor c-MYC is strongly 
upregulated by RANKL stimulation and pro-
motes osteoclastogenesis in vitro. Recent studies 
examining the role of MYC have highlighted the 

role of cellular metabolism in osteoclastogenesis 
[98]. MYC has been shown to function to drive 
metabolic reprogramming during osteoclast dif-
ferentiation, and switching cellular metabolism 
to an oxidative state enhances both osteoclasto-
genesis and function [98]. Osteoclasts contain 
abundant mitochondria and undergo metabolic 
adaptation during the course of differentiation to 
meet the bioenergetic demands required for func-
tional resorption of bone. PGC-1β (PPARγ 
coactivator-1β) is induced during osteoclast dif-
ferentiation by CREB via reactive oxygen spe-
cies (ROS) and also stimulates mitochondrial 
biogenesis [99]. During this switch MYC induces 
estrogen receptor-related receptor α (ERRα), a 
nuclear receptor that cooperates NFATc1 to drive 
osteoclastogenesis [98]. While a complex array 
of transcriptional activators must be engaged 
through RANK/RANKL stimulation to drive 
osteoclast differentiation, an important additional 
function of RANK stimulation on osteoclast pre-
cursors is to downregulate expression of tran-
scriptional repressors to enable osteoclastogenesis 
to take place [100].

 Negative Regulators of Osteoclast 
Differentiation

A host of negative regulatory mechanisms exist to 
ensure that osteoclasts are generated only in the 
correct time and place. Downregulation of tran-
scriptional repressors during RANK stimulation is 
required for osteoclastogenesis to proceed. 
Repressors of gene transcription that are down-
regulated during osteoclastogenesis include Ids 
(inhibitors of differentiation/DNA binding), Eos, 
MafB (v-maf musculoaponeurotic fibrosarcoma 
oncogene family protein B), C/EBPβ (CCAAT- 
enhancer- binding protein β), IRF-8 (interferon 
regulatory factor 8), and Bcl-6 (B cell lymphoma 
6) [100, 101]. The negative regulatory transcrip-
tion factors also inhibit osteoclastogenesis at spe-
cific points during differentatiation; Ids, IRF-8, 
and MafB are inhbitiory during early osteoclasto-
genesis (within 24  h after RANKL stimulation), 
while Eos and Bcl6 expression are inhibitory at 
later time points during osteoclast development.
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MafB expression is downregulated following 
RANKL stimulation during osteoclastogenesis 
and MafB has since been shown to negatively 
regulate osteoclast formation. MafB is a basic 
leucine zipper transcription factor that plays an 
important role in the regulation of lineage- 
specific hematopoiesis, and overexpression of 
MafB inhibits the formation of TRAP+ multinu-
clear osteoclasts. In osteoclasts, MafB abrogates 
NFATc1 expression and interferes with the DNA 
binding of cFos, Mitf, and NFATc1 transcription 
factors [54].

Similarly, RANKL stimulation downregulates 
the Ids helix-loop-helix (HLH) transcription fac-
tors encoded by the Id1, Id2, and Id3 genes. 
Overexpression of the three Id genes negatively 
affects osteoclast differentiation [102] 
Overexpression of Eos also leads to defective 
osteoclast differentiation, with selective repres-
sion of transcription of MITF/PU.1 targets such 
as Ctsk (encoding cathepsin K) and Acp5 
 (encoding TRAP) [103] Eos forms a complex 
with MITF and PU.1 at their target gene promot-
ers and suppresses transcription through recruit-
ment of corepressors. In myeloid progenitors 
prior to the initiation of osteoclast differentiation, 
Eos directly interacts with MITF and PU.1 to 
suppress transcription. Later in osteoclast differ-
entiation, Eos association, for example, at Ctsk 
and Acp5 promoters, decreases significantly 
allowing transcription to proceed.

IRF-8 is a transcription factor critical for lin-
eage commitment in the maturation of myeloid 
precursors [104]. IRF-8 is expressed in macro-
phages derived from bone marrow and spleen, 
and downregulation of IRF8 is required for these 
cells to initiate osteoclastogenesis. IRF-8 sup-
presses osteoclastogenesis by inhibiting NFATc1 
expression and physically interacts with NFATc1 
to inhibit its function [105].

The downregulation of these negative regula-
tors of osteoclastogenesis is in fact controlled by 
RANK stimulation. RANKL induces expression 
of Blimp1 (B lymphocyte-induced maturation 
protein-1) via NFATc1 during osteoclastogene-
sis. Blimp1 functions as a transcriptional repres-
sor of anti-osteoclastogenic regulators such as 
IRF-8, MafB, and Bcl6. Overexpression of 

Blimp1 leads to an increase in osteoclast forma-
tion, while deficiency of Blimp1 leads to defec-
tive osteoclast differentiation. Thus, while 
Blimp1 is a positive regulator of osteoclastogen-
esis in itself, its primary function is to suppress 
the transcription of negative regulators. Mice 
with an osteoclast-specific deficiency of Blimp1 
exhibit a high bone mass phenotype caused by a 
decreased number of osteoclasts [101]. In the 
absence of Blimpl1, osteoclastogenesis is 
impaired through increase of Irf8 and MafB and 
by upregulating Bcl6. Bcl6 suppresses expres-
sion of osteoclastic genes downstream of NFATc1 
which includes cathepsin K, dendritic cell- 
specific transmembrane protein (DC-STAMP), 
and NFATc1 itself [106]. RANKL also induces 
the IFN-β (interferon-beta) gene in osteoclast 
precursor cells. In a negative regulatory feedback 
loop, IFN-β then functions to limit osteoclasto-
genesis by interfering with the RANKL-induced 
expression of c-Fos [107].

Signaling during osteoclastogenesis is also 
regulated by ubiquitination of specific substrates. 
RANK regulates the de-ubiquitinase CYLD, 
which inactivates TRAF6 by removal of polyu-
biquitin chains, resulting in inhibition of osteo-
clast formation. CYLD deficiency leads to severe 
osteoporosis and osteoclasts that are hyper- 
responsive to RANK stimulation [108]. NUMB/
NUMB-like (NUMBL) is an intracellular adapter 
protein that directly interacts with TRAF6 and 
NEMO and induces their ubiquitination and pro-
teasomal degradation. NUMBL has been shown 
to be downregulated by RANKL stimulation, and 
its presence inhibits osteoclast differentiation and 
function [109]. Downstream of RANKL, TAK1 
is also important in inhibiting expression of 
NUMBL because the TAK1-deficient mouse 
showed increased NUMBL expression. The 
TAK1/TAB2 complex mediates the polyubiquiti-
nation of NUMBL which marks it for protea-
somal degradation [80]. NUMBL has also been 
shown to regulate NOTCH signaling and with 
increased NUMBL expression in myeloid cells, 
there is increased degradation of NICD and sub-
sequent accumulation of RBPJ.  In other studies 
RBPJ has been shown to be a significant inhibitor 
of osteoclast differentiation [110]. Thus, NUMBL 
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acts as an endogenous negative regulator of 
NF-κB signaling in osteoclasts by targeting the 
TAK1/TRAF6/NEMO complex which leads to 
indirect negative regulation of RBPJ [109]. RBPJ 
negatively regulates osteoclastogenesis induced 
by both RANKL and TNF and may be of particu-
lar importance in inflammatory bone loss. RBPJ 
inhibits activation of PLCγ2 downstream from 
the ITAM-associated receptors and has been 
demonstrated to function as a negative regulator 
of osteoclastogenesis by suppressing induction of 
NFATc1, BLIMP1, and c-Fos [110].

As evident from the discussion above, osteo-
clast formation is a highly regulated process, 
requiring MCSF stimulation of CSF-1R for pre-
cursor survival, RANKL-RANK pathway stimula-
tion and a second signal through and an 
ITAM-associated immunoreceptor, with further 
modulation by negative regulatory pathways. The 
ability to differentially regulate the combination 
and balance of these signals, as well as the  potential 
for site and/or condition-specific ligand expression 
for ITAM-associated receptors, results in a highly 
tunable program of osteoclastogenesis. This likely 
allows for location- and environment-specific reg-
ulation of osteoclast formation and function.

 Functions of Osteoclasts

Bone resorption is the canonical function of osteo-
clasts and they are the only cells capable of resorb-
ing bone. Their resorptive function is essential for 
the formation of the bone marrow cavity during 
skeletogenesis, and they actively remodel bone 
throughout life, resorbing approximately 10% of 
skeletal bone annually by some estimates. 
However, it has increasingly been appreciated that 
osteoclasts are more than just bone resorbing cells. 
Osteoclasts are able to regulate other biological 
processes through the production of cytokines and 
heterocellular signaling [111]. Moreover, several 
lines of evidence support the idea that communica-
tion between osteoclasts and osteoblasts, referred 
to as coupling, is bidirectional, with osteoclasts 
actively promoting osteoblast function [112]. 
Thus, one can divide osteoclast functions into 
canonical bone resorptive/remodeling functions 

and what might be termed “regulatory functions,” 
consisting of regulation of bone formation through 
coupling, autocrine regulatory pathways, and 
angiogenesis [113].

 Bone Resorbing Function

Within bone, osteoclasts reside on the periosteal 
and trabecular surfaces and in Haversian canals. 
Osteoclasts are highly motile cells, migrating 
along the bone surface to resorb bone at multiple 
sites. The mature differentiated osteoclast, after 
reabsorbing bone in a specific area, is able to 
adopt a migratory state to move to a new site of 
resorption. The migratory osteoclast has a lamel-
lipodic front to back “horizontal” migratory 
polarity with the majority of the cytoplasm at the 
leading edge. When it reaches a new resorption 
site, attracted by cytokines released by osteo-
blasts, the osteoclast changes its morphology to a 
static conformation that facilitates bone reab-
sorption [114, 115]. The hallmark of a resorbing 
osteoclast is the reorganization of the cytoskele-
ton to form a “vertical” polarized cell. The cyto-
sol is reorganized, with the new position of the 
organelles inside the cells reflecting the different 
activity of the opposing surfaces of the osteo-
clast. The nuclei, Golgi apparatus, and the rough 
endoplasmic reticulum are on the basolateral side 
of the cell, in contact with the microvasculature. 
The lysosomes together with mitochondria and 
components of the endocytic compartment move 
close to the apical side of the cell, juxtaposed to 
bone. This polarization reflects the different 
activities that occur at the two cell surfaces, with 
apical surface producing degradative enzymes to 
deliver into the reabsorption lacunae, whereas the 
basolateral surface is in charge of “packing” the 
products of reabsorption and delivering them into 
the main circulation (Fig. 2.5) [113, 116, 117].

The functional domains of the active reab-
sorbing osteoclast can be divided into the sealing 
zone, the membrane-rich ruffled border, the func-
tional secretory domain, and the basolateral 
domain. The sealing zone has the key function of 
mediating the attachment of the osteoclasts to the 
underlying bone matrix, forming a distinctive 
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and isolated “pouch” called the Howship or 
resorption lacuna, into which the osteoclast 
pumps protons and degradative enzymes to digest 
the bone matrix. The extremely tight connection 
between the apical surface and bone is mediated 
by a structure called the podosome ring. 
Podosomes are highly specialized adhesions that 
consist of actin microfilaments and integrins, 
together with several other regulatory proteins. 
Individual podosomes cluster into groups and 
then migrate to encircle the outside circumfer-
ence of the sealing zone forming the so-called 
podosome belt. The formation of the podosome 
belt is the hallmark of a sealed attachment of the 
osteoclast to the bone [113, 115, 118, 119].

The membrane-rich ruffled border is centrally 
positioned relative to the sealing zone and is com-
posed of an irregular array of membrane expan-
sions. The ruffled border is divided into functional 
subdomains: the outer “secretive zone” and the 
inner “reuptake zone.” The secretive zone is char-
acterized by secretion of lysosomal enzymes into 

the resorption lacuna and the presence of ion 
transporters to discharge protons resulting in acid-
ification of the lacuna. The reuptake zone is spe-
cialized for the reuptake of the calcium, 
phosphorus, and other bone components digested 
by the released enzymes. The functional secretory 
domain of the basolateral surface of the cell is 
connected with the microvasculature and is 
important for the passage of the reabsorption 
products into the general circulation [113, 115]. 
The functional secretory domain is anatomically 
connected with the sealing zone by what is 
referred to as the basolateral domain [115].

This complex reorganization creates a lacunar 
“pouch” between the osteoclast and the underly-
ing bone that is isolated from the surrounding 
environment. Now the osteoclast can safely 
secrete protons, driven by V-H-ATPases, to acid-
ify the lacuna and dissolve the inorganic hydroxy-
apatite component of the bone. Removal of 
mineral unmasks the organic component of the 
bone, mostly composed of type 1 collagen. The 

Fig. 2.5 Functional polarization in the osteoclast. 
Resorbing osteoclasts are highly polarized, with the 
resorption machinery located on the apical surface (high-
lighted in green) adjacent to the bone surface, while the 
basolateral membrane (highlighted in blue) transports 
resorbed molecules to the adjacent circulation. The cyto-
skeleton is reorganized to form a specialized actin struc-
ture, the podosome. The acid and hydrolases required for 
resorption are isolated from surrounding bone and cells by 
the formation of a tightly bone adherent sealing zone. The 

apical surface of the osteoclast has a highly invaginated 
membrane or ruffled border that greatly expands the 
membrane surface available for transport. The V-H- 
ATPase required for acidification and ion channels 
required to maintain intracellular electroneutrality are 
located in the ruffled border. Degradative enzymes, 
including cathepsin K (CTS K), TRAP, and matrix metal-
loproteinases (MMPs), are exocytosed into the resorption 
lacuna via fusion of lysosomal membrane (highlighed in 
red) with the ruffled border
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organic matrix is then digested by a number of 
hydrolases secreted into lacuna via lysosomal 
exocytosis. Acidification of the lacuna not only 
unmasks the organic component of the bone but 
also creates the acidic environment needed for 
optimal hydrolase activity, as lysosomal enzymes 
perform best between pH 4.0 and 5.0 [113].

The critical nature of the highly specialized 
resorptive apparatus described above is revealed 
by the causal loss-of-function mutations 
described for several human bone diseases. Many 
genetic diseases involving the osteoclasts are 
characterized by abnormal function of the ruffled 
border, as detailed in the section “Genetic 
Diseases of Osteoclast Dysfunction.”

 Regulatory Functions

Osteoclasts are reported to secrete cytokines that 
act in an autocrine fashion to either promote or 
inhibit osteoclastogenesis. The IL-6 family mem-
ber cardiotrophin-1 (CT-1) is produced by and 
stimulates osteoclast formation and has also been 
hypothesized to have paracrine effects promoting 
osteoblast formation [120]. Stimulation of osteo-
clasts with autoantibodies to citrullinated pep-
tides that are found in rheumatoid arthritis was 
reported to induce an autocrine loop of IL-8- 
stimulated osteoclastogenesis [121]. On the other 
hand, osteoclast progenitors have been reported 
to express OPG, which would inhibit RANKL- 
stimulated osteoclast formation [122] Paracrine 
functions of osteoclasts include secretion of 
platelet-derived growth factor-BB (PDGF-BB) 
by osteoclast progenitors. PDGF-BB induces 
Type H capillary formation in bone; thus one 
paracrine action of osteoclasts appears to be pro-
moting the coupling of angiogenesis and osteo-
genesis mediated by Type H capillaries [123].

The term “clastokine” has been coined and is 
often used to describe factors secreted by osteo-
clasts with putative paracrine actions on osteo-
blasts. While osteoblasts are widely accepted to 
modulate osteoclast formation and function 
through expression of RANKL and OPG, osteo-
clasts traditionally have been thought to contribute 
to osteoblast regulation through liberation of 

 previously trapped cytokines from the bone matrix. 
More recently the concept of osteoclast- secreted 
“clastokines” has emerged. Clastokines are 
hypothesized to attract and facilitate the matura-
tion of pre-osteoblast cells into mature bone- 
forming osteoblasts. A number of putative 
clastokines, including collagen triple repeat con-
taining 1 (CTHCR1), sphingosine-1-phosphate 
(S1P), and complement factor 3a (C3a), have been 
described in vitro though relative in vivo signifi-
cance of these putative clastokines is not entirely 
clear (reviewed in [111, 112]), and the osteoclast-
specific expression of CTHRC1 in bone has been 
challenged [124]. The axon guidance molecule 
SLIT3 was recently proposed to act as a clastokine 
[125], though similar to CTHRC1, the source and 
cellular target of SLIT3  in bone are a source of 
debate. Loss of SLIT3 results in decreased bone 
mass, though whether this is via osteoclast-derived 
SLIT3 actions to promote osteoblast proliferation 
and migration via activation of the beta-catenin 
pathway [125] or via osteoblast production of 
SLIT3 promoting the development of the Type H 
vascular endothelium in bone [126] is not settled. 
The concept, however, is particularly exciting as it 
suggests the possible existence of novel mecha-
nisms to stimulate bone anabolic activity which 
might prove attractive therapeutic targets.

Osteoclast regulation of osteoblast lineage 
cells can also occur via cell contact-mediated 
mechanisms. Semaphorin 4D expressed by 
osteoclasts inhibits osteoblast migration by bind-
ing to Plexin-B1, its cognate receptor on osteo-
blasts. In contrast, Ephrin B2 expressed on 
osteoclasts stimulates bone formation through 
binding EphB4, its receptor on osteoblasts [127, 
128] Recently, osteoclast RANK stimulation of 
reverse signaling through RANKL on osteoblasts 
was proposed as a key mechanism coupling bone 
resorption and formation. Although reverse sig-
naling could be stimulated through a cell contact- 
mediated mechanism, RANK was shown to be 
released from osteoclasts in small extracellular 
vesicles and thus likely acts in a paracrine fash-
ion [129]. In summary, osteoclast regulatory 
functions have broad impact on the local bone 
microenvironment, influencing bone resorption, 
formation, and angiogenesis. However, future 
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research is needed to clarify the roles of many of 
the aforementioned coupling factors in human 
bone remodeling.

 Genetic Diseases of Osteoclast 
Dysfunction

The identification of causative mutations under-
lying monogenic traits responsible for bone syn-
dromes has added greatly to our understanding of 
osteoclast biology. Recognizing the gene/protein 
impaired in a specific rare bone disease had 
revealed the role of several proteins involved in 
the maturation and/or reabsorption machinery of 
the osteoclasts. Table 2.2 provides a list of genes 
and corresponding diseases. The genetic diseases 
primarily involving the osteoclast can be divided 
into two broad categories: those with normal or 
increased osteoclast function and those with 
decreased osteoclast function.

The spectrum of mutations in TNFRSF11A 
(RANK) are emblematic of these categories. 
Loss-of-function mutations in TNFRSF11A are 

responsible for osteopetrosis type VII, in which 
osteoclast differentiation and thus bone resorp-
tion are impaired and therefore active [130]. 
In  contrast, gain-of-function mutations in 
TNFRSF11A are responsible for two diseases, 
expansile skeletal hyperphosphatasia and famil-
ial expansile osteolysis; these conditions are 
characterized by increased osteoclast activity 
which in turn leads to an excessive immature 
and disorganized bone formation [131]. A dis-
ease characterized by focal lesions with 
increased osteoclast activity is Paget’s disease 
of bone (PDB), hereditary forms of which have 
been linked to heterozygous loss-of-function 
mutations of genes important for osteoclast 
maturation, SQSTM1 and VCP [132, 133]. 
SQSTM1 encodes sequestosome 1, a scaffold-
ing protein important for RANK signaling. A 
SQSTM1 mutation commonly associated with 
PDB has been shown to impair association with 
the TRAF6 deubiquitnase CYLD described 
above, resulting in increased poly-ubiquitinated 
TRAF6, RANK signaling, and osteoclastogen-
esis [134].

Table 2.2 Genetic diseases affecting the osteoclast

Osteoclast-specific 
mutation categories Gene Disease nomenclature
Normal or increased resorption activity (gain-of-function mutations)

TNFRSF11A (RANK) Expansile skeletal hyperphosphatasia
Familiar expansile osteolysis

SQSTM1 Paget’s disease of the bone
VCP

Decreased resorption activity (loss-of-function mutations)
Impaired osteoclast differentiation

TNFRSF11A/RANK ARO type VII
IKBKG Anhidrotic ectodermal dysplasia

Impaired osteoclast function
 Cytoplasmic defects CAII Aro type III with renal tubular acydosis
  Podosome formation 

defects
KIND-3 Leucocyte adhesion deficiency with osteopetrosis

 Lysosomal defects CTSK Pycnodysosotosis
   Lysosomal 

protease defects
ACP5 (TRAP) Spondyloenchondro-dysplasia
MMP 9, MMP13 Metaphyseal dysplasya

   Defects ruffled 
border 
maturation/ 
impaired 
lysosome fusion

TCIRG1 ARO type I
CLCN7 ARO type IV/ ADO type II (Albers-Schonberg 

disease)
OSTM1 ARO type V
PLEKHM1 ARO type VI
SNX10 ARO type VIII
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Monogenic diseases with decreased osteoclast 
function present with a phenotype of osteopetro-
sis, or “stone bone,” with dramatically increased 
bone density and loss of bone marrow cavity. 
Osteopetroses are divided in three categories 
based on the mechanism of transmission: 
autosomal- dominant osteopetrosis (ADO), 
autosomal- recessive osteopetrosis (ARO), and 
X-linked osteopetrosis. ADOs are usually more 
benign and occur in adulthood or in some cases 
represent an incidental finding in radiographic 
exams, whereas AROs result in severe skeletal 
involvement, are diagnosed in early childhood, 
and result in more morbidity. ADOs and AROs 
can develop from a heterozygous or homozygous 
mutation of the same gene; it is the involvement 
of one or both alleles that determine the severity 
of the disease [135, 136]. This is the case for 
mutations in the chloride channel CLCN7; het-
erozygous mutations in CLCN7 cause ADO type 
II or Albers-Schonberg disease, whereas a homo-
zygous mutation or a composite heterozygous 
mutation is responsible for ARO type IV [137, 
138]. The only known X-linked osteopetrotic 
syndrome involves the gene IKBKG necessary 
for translocation of the transcription factor 
NF-κB into the nucleus [139].

A more biologically based approach to classi-
fying osteopetrosis is considering whether osteo-
clasts do not form (osteoclast-poor osteopetrosis) 
or form but do not function (osteoclast-rich 
osteopetrosis). In the category of osteoclast-poor 
osteopetrosis are mutations involving 
TNFRSF11A (RANK) causing ARO type VII 
[130] and X-linked IKBKG mutations (anhidrotic 
ectodermal dysplasia, lymphedema, and immu-
nodeficiency), underscoring the importance of 
the NF-κB pathway (described in the section 
“Osteoclast Differentiation”) downstream of 
RANKL-RANK signaling in the development of 
the mature osteoclast [139]. In this category, we 
can also include mutations in genes expressed 
primarily by osteoblasts which indirectly alter 
osteoclast maturation and differentiation. These 
include mutations in TNFSF11 encoding RANKL 
and TNFRSF11B encoding OPG, resulting in 
ARO type II and juvenile Paget’s disease, respec-
tively [140, 141].

Osteoclast-rich osteopetrosis can be subdi-
vided into diseases with defects in cytoplasmic 
proteins, podosome formation, or lysosomal 
defects caused either by mutations in lysosomal 
proteins or defects in ruffled border maturation. 
The only identified defect in a cytoplasmic pro-
tein described to date is mutation in the gene 
encoding carbonic anhydrase type II, the enzyme 
necessary to maintain intracellular neutrality dur-
ing acidification of the lacuna. Patients with this 
mutation not only manifest osteopetrosis but also 
renal tubular acidosis since the same isoform is 
present in tubular cells [142]. Mutation of KIND3, 
which encodes KINDLIN-3, impairs podosome 
assembly into the sealing zone and results in leu-
cocyte adhesion deficiency with osteopetrosis 
[143].

Mutations in lysosomal proteases can cause 
bone disease even if the ruffled border formation 
is normal. Mutations of the gene encoding the 
abundant osteoclast protease cathepsin k results 
in pycnodysostosis, characterized by short stat-
ure with increased bone density [144]. Mutation 
of other lysosomal proteases cause bone disease, 
though not osteopetrosis. Patients with mutations 
in metalloproteinases 9 and 13 and tartrate- 
resistant acid phosphatase (TRAP) have been 
described and cause recessive and dominant 
metaphyseal dysplasia and spondyloenchondro-
dysplasia, respectively [145]. Mutations that 
impair fusion of lysosomes with the ruffled bor-
der comprise the largest subtype of osteopetrosis 
and are characterized by the inability of the 
abnormal ruffled border to acidify and secrete 
enzymes into the resorption lacuna. Mutations in 
TCIRG1 cause ARO type I, the most common of 
the ARO types with more than 50% of ARO 
patients carrying a mutation in TCIRG1. TCIRG1 
encodes the subunit a3 of the V-ATPase complex, 
which is necessary to localize the V-ATPase com-
plex in the ruffled border. Absence of this subunit 
impairs acidification of the resorption lacuna. 
ARO IV, also relatively frequent, is characterized 
by mutations in CLCN7, which encodes a 
Chloride-hydrogen antiporter in the lysosomal 
membrane. Mutations in OSTM1, encoding for a 
protein that binds CLCN7, is responsible for 
ARO type V.  Mutations in PLEKHM1, which 
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encodes a protein that interacts with the vesicular 
trafficking protein RAB-7, and mutations in 
SNX10, which encodes a protein involved in 
intracellular endosomal trafficking, cause much 
rarer types of ARO [146, 147] These monogenic 
diseases affecting osteoclast function not only 
illuminate aspects of osteoclast biology, they pro-
vide indisputable evidence for the essential 
function of osteoclasts in skeletal biology.

 Regulation of Osteoclasts by their 
Environment

A variety of perturbations in the physiologic state 
can promote osteoclastogenesis and bone loss, 
with perhaps the best characterized being 
 inflammatory states such as rheumatoid arthritis. 
Inflammation promotes osteoclast formation at 
many levels, including through increasing the 
abundance of osteoclast progenitors. In mice, an 
increase in bone marrow osteoclast progenitors 
and in differentiation of circulating monocytes to 
osteoclasts is enhanced in inflammatory arthritis 
[16, 148–150] Circulating monocytes from 
patients with inflammatory arthritis, including 
rheumatoid arthritis, psoriatic arthritis, and anky-
losing spondylitis, generate more osteoclasts 
in vitro cultures, suggesting an increase in circu-
lating osteoclast progenitors within the monocyte 
pool [151–154]. Thus, the enhanced osteoclast 
activity seen in inflammatory arthritis may result 
in part from an increase in or skewing of progeni-
tors toward an osteoclast fate.

The local microenvironment further regulates 
osteoclast differentiation through the relative 
expression of RANKL and OPG. The degree of 
osteoclast differentiation is likely further tuned 
by differential expression of the ligands that acti-
vate the ITAM-associated receptors essential for 
osteoclast differentiation. Superimposed on this 
is an additional layer of regulation by cytokines, 
which can affect osteoclast differentiation and 
activity both directly and indirectly by enhanced 
RANKL expression.

A number of inflammatory cytokines promote 
osteoclastogenesis, with TNF being the canoni-
cal example. TNF-induced bone resorption is 

implicated in both post-menopausal bone loss 
and the formation of bone erosions and general-
ized osteopenia of inflammatory arthritis. TNF 
acts directly to promote osteoclastogenesis by 
inducing expression of RANK on progenitors 
and through TNF receptor-mediated NF-κB acti-
vation [155, 156]. A large body of evidence has 
demonstrated that TNF has a critical role in 
pathologic osteoclastogenesis through promoting 
RANKL expression by osteoblasts, osteocytes, 
and synovial cells in inflammatory arthritis [157]. 
In mouse models, TNF contributes significantly 
to estrogen deficiency-induced bone loss, as 
demonstrated by the effectiveness of TNF inhibi-
tor treatment or genetic deficiency in TNF or 
TNF receptor p55-deficient mice in preventing 
ovariectomy-induced bone loss [158, 159].

Other inflammatory cytokines that promote 
osteoclastogenesis include IL-1 and IL-6. Similar 
to TNF, IL-1 both directly stimulates osteoclast 
progenitors and increases expression of RANKL 
by the environment [160]. IL-6 and IL-6 family 
members promote osteoclastogenesis indirectly 
via enhancing RANKL expression, and also 
appear to have direct effects on progenitors, 
though whether IL-6 stimulates or inhibits differ-
entiation is controversial [161]. IL-6 is thought to 
be increased by estrogen deficiency and is a puta-
tive mediator of post-menopausal bone loss. 
However, blocking IL-6 did not prevent bone loss 
in a mouse ovariectomy model, and there are 
conflicting reports on the effect of IL-6 defi-
ciency on ovariectomy-induced bone loss [158, 
162, 163]. Other cytokines, particularly Th2 
cytokines, inhibit osteoclast differentiation either 
by promoting OPG expression or by direct 
actions on osteoclasts. These cytokines include 
IL-4, IL-13, IL-33, and IL-10 [164–167]. See 
also Table 2.1 for list of the effect of various cyto-
kines on RANKL and OPG.

Estrogen deficiency may also promote bone 
loss through expansion of a T cell subset termed 
Th17 for their production of IL-17. Two mecha-
nisms explain the pro-osteoclastogenic effect of T 
cells: IL-17 induces RANKL expression and Th17 
cells themselves express RANKL.  IL-17 also 
induces TNF and IL-1, further promoting a 
 pro-osteoclastogenic environment [168]. Although 
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Th17 cells function as an osteoclastogenic helper 
cell T cell subset, other T cell subsets are inhibi-
tory. Activated Th1 CD4+ T cells produce IFNγ, a 
potent inhibitor of osteoclastogenesis [169]. 
Regulatory T cells directly inhibit osteoclast dif-
ferentiation through their expression of CTLA-4. 
CTLA-4 on regulatory T cells interacting with 
CD80 and CD86 on osteoclast precursors induces 
reverse signaling in the myeloid cells to induce 
IDO (indolamine oxidase) which inhibits osteo-
clastogenesis [170–172]

Many stimuli discussed here play multiple 
roles in the immune system and on myeloid cell 
development. Therefore, the impact of any of 
the individual regulatory pathways on osteo-
clastogenesis likely depends mostly on the 
homeostatic or pathologic state in which they 
are deployed. Similar to other immune cells, 
osteoclasts are differentiated and activated in 
response to their environment and in pathologic 
or inflammatory disease, and the effect of spe-
cific positive and negative regulatory stimuli 
differs depending on the situation. While the 
focus of our discussion of regulation of osteo-
clasts has centered on differentiation, osteoclast 
survival and function are also of importance and 
likely have additional regulatory elements that 
center on the fine-tuning of the bone degrada-
tion response.
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Basic Aspects of Osteocyte 
Function

Jesus Delgado-Calle and Teresita Bellido

 Introduction

It has long been recognized that osteocytes are 
the most abundant cells in bone and that, in 
contrast to the short life span of osteoblasts and 
osteoclasts on bone surfaces, osteocytes are per-
manent residents of the mineralized bone matrix 
where they live for decades. However, it was only 
recently that the magnitude of the role that osteo-
cytes play in bone homeostasis become evident. 
This revolution in the knowledge about osteocyte 
functions started in the late 1990s, and it was 
harnessed by the concomitant discovery of rare 
human diseases of bone caused by altered expres-
sion of osteocyte-derived proteins, the develop-
ment of osteocytic cell lines, and the ability to 
alter the mouse genome in  vivo by manipulat-
ing gene expression in osteocytes. Today, there 
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3

Key Points
• Osteocytes, the most abundant cells in 

bone, differentiate from osteoblasts and 
live in the mineralized bone matrix, 
where they establish multiple connec-
tions with surrounding osteocytes and 
cells on the bone surface and the bone 
marrow.

• Osteocytes integrate mechanical signals 
and control bone homeostasis by secreting 
autocrine/paracrine factors (Sclerostin, 
Rankl) that regulate the activity of other 
bone cells.

• Osteocytes also secrete hormones 
(FGF23, Sclerostin) that affect distant 
tissues (kidney, liver, peripheral fat) by 
endocrine mechanisms.

• Osteocyte life span and function are 
altered during aging and in several skel-
etal diseases and cancers that grow in 
bone, thus contributing to the patho-
physiology of several bone disorders.

• The improvement in the understanding 
of osteocyte biology has led to the 
development of novel therapeutic 
approaches targeting osteocytes and 
their derived factors to improve skeletal 
health in rare and common diseases.
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is ample evidence demonstrating that osteocytes 
orchestrate the function of osteoblasts and osteo-
clasts, sense and transmit mechanical and hor-
monal signals, and regulate the function of bone 
and bone marrow cells by paracrine mechanisms 
as well as the function of cells in other tissues by 
endocrine mechanisms. In addition, the boom in 
research centered on osteocytes has extended our 
knowledge of osteocyte biology towards the role 
of these cells in pathophysiologic process, open-
ing new avenues to treat diseases of bone by tar-
geting osteocytes and their products to improve 
bone mass and strength.

 Osteocytogenesis

 Osteoblast to Osteocyte 
Differentiation

Osteocytes, the most abundant cells in bone, are 
master signal sensors, integrators, and transducers 
of the skeleton and therefore orchestrate growth, 
maintenance, and healing of bone. Osteocytes 
differentiate from osteoblast present on the bone 
surface that become surrounded by matrix pro-
teins that they produce [1, 2]. It is estimated that 
5–20% of osteoblasts differentiate into osteocytes, 
while the rest either undergo apoptosis or become 
quiescent bone lining cells. Although the mecha-
nisms regulating osteoblast fate remain uncertain, 
it is known that the transition from osteoblast to 
osteocyte is accompanied by changes in gene 
expression that ultimately modify the morphol-
ogy and function of osteoblasts. Major changes 
in gene expression during this process are related 
to the development of dendritic processes and 
the formation of the canalicular network, and the 
regulation of phosphate metabolism, bone for-
mation, and bone resorption [2]. During osteo-
blast to osteocyte differentiation, the number of 
organelles markedly decreases, and osteoblasts 
acquire the characteristic star-like morphol-
ogy that defines osteocytes. Further, osteocytes 
develop long cytoplasmic processes that run 
through canaliculi allowing osteocytes to physi-
cally interact and distribute osteocyte-derived 
molecules to neighboring osteocytes and other 
cells in the bone/bone marrow microenvironment. 

Several genes have been identified as mediators of 
the development of this canalicular network. E11, 
also known as podoplanin, is expressed in newly 
embedded osteocytes [3] and has been associated 
with osteocytic dendrite branching [4–6]. Dentin 
matrix protein 1 (DMP1) expression increases as 
osteoblasts differentiate toward osteocytes [7] and 
is also essential for proper osteocyte maturation 
[8]. The expression of collagen-degrading matrix 
metalloproteinases (MMPs) also increases as 
osteoblasts differentiate into osteocytes, allowing 
the formation and extension of osteocytic cyto-
plasmic projections [9, 10]. Another important 
molecule for the functionality of the osteocyte-
canalicular network is connexin 43 (Cx43), which 
allows communication within the osteocyte net-
work and the bone marrow, maintains osteocyte 
viability, and mediates osteocyte response to 
mechanical signals [11–13].

During osteocyte differentiation there is also 
an increase in the expression of genes related to 
phosphate metabolism and matrix mineraliza-
tion [7]. Fibroblast growth factor 23 (FGF23) is 
produced by osteocytes and regulates phosphate 
metabolism by binding to FGF receptors and the 
Klotho co-receptor in the renal proximal tubu-
lar cells [14]. FGF23 expression in osteocytes is 
regulated by other osteocyte-derived factors. For 
example, human inactivating mutations of DMP1 
or phosphate-regulating neutral endopeptidase, 
X-linked (PHEX), lead to high FGF23 circulating 
levels and hypophosphatemia [15]. As mentioned 
above, DMP1 is required for proper osteocyte 
differentiation and bone mineralization, whereas 
PHEX deletion in mice results in osteomalacia 
and an abnormal osteocytic lacuna- canalicular 
system [16]. Another osteocytic product is matrix 
extracellular phosphoglycoprotein (MEPE), a 
mineralization inhibitor that when deleted from 
the mouse genome results in increased bone min-
eral density [17]. Importantly, altered expression 
of some of the osteocytic genes described above 
causes disorders of phosphate homeostasis in 
humans [14, 18–21].

Work over the last several years has demon-
strated that the osteocyte is a major source of 
the master regulator of osteoclastogenesis recep-
tor activator of nuclear factor kappa-Β ligand 
(RANKL) and the Wnt signaling antagonist and 
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inhibitor of bone formation SOST/Sclerostin 
[22–26]. RANKL is produced by multiple cells 
in the bone/bone marrow niche, including osteo-
blasts, osteocytes, and T-cells [27]. However, 
deletion of the RANKL gene in osteocytes mark-
edly decreased osteoclast number in cancel-
lous bone and increased cancellous bone mass 
[24–26]. The large reduction in osteoclast num-
ber in mice lacking RANKL in osteocytes com-
pared to the one resulting from the deletion of 
RANKL in osteoblasts supports that osteocytes 
are the main source of RANKL in adult bones. 
In addition, immunohistochemical approaches 
have shown that SOST/Sclerostin is expressed 
by mature osteocytes, but not by osteoblasts or 
lining cells, and its expression progressively 
increases as osteocytes mature. Indeed, high 
Sclerostin expression is found in osteocytes sur-
rounded by mineralized bone [28–31]. Further, 
recent findings have shown that Sclerostin could 
also stimulate RANKL expression in osteocytes 
[32, 33]. However, the regulation of RANKL and 
SOST/Sclerostin expression in osteocytes is not 
fully understood and might involve several tran-
scription factors as well as epigenetic mecha-
nisms (see section “Epigenetic Regulation of 
Osteocytic Gene Expression”). This compelling 
evidence shows that through the production of 
RANKL and SOST/Sclerostin, osteocytes con-
trol the rate of bone remodeling by regulating 
osteoclastogenesis as well as osteoblast differen-
tiation and function [34, 35].

 Epigenetic Regulation of Osteocytic 
Gene Expression

Osteoblasts and osteocytes originate from 
mesenchymal stem cells (MSCs), which can 
also differentiate into adipocytes and myo-
genic cells, as well as chondrocytes. Thus, the 
differentiation process is tightly regulated to 
enable lineage- specific differentiation of MSCs. 
Epigenetic mechanisms play an important role 
in osteocyte differentiation by regulating the 
expression levels of key genes [36, 37]. DNA 
methylation is the most studied epigenetic 
mark. Methylation at proximal promoter CpG 
sites is associated with silencing of gene tran-

scription [38]. Histone modification epigenetic 
marks are divided into those that activate tran-
scription (mainly acetylation and phosphory-
lation) and those that repress it (methylation, 
ubiquitination, and sumoylation) [39], whereas 
miRNAs bind to RNAs and induce mRNA 
cleavage or translational repression, depend-
ing on the degree of complementarity [40]. As 
mentioned above, the cell shape change from 
the polygonal bone-forming osteoblasts to the 
dendrite-rich stellate osteocytes is regulated by 
E11/podoplanin, which expression is controlled 
by a cooperative crosstalk between DNA meth-
ylation and histone modification in osteoblas-
tic cells [41]. Alkaline phosphatase (ALPL), 
an enzyme required for bone mineralization, is 
highly detected in osteoblasts, but its expression 
is reduced in osteocytes [42]. This change in 
ALPL expression is mediated by DNA methyla-
tion, as osteoblasts and osteocytes present oppo-
site methylation profiles in the ALPL proximal 
promoter, hypomethylated and hypermethyl-
ated, respectively [43]. DNA demethylation at 
the SOST proximal promoter also occurs during 
osteoblast-osteocyte transition, allowing osteo-
cytes to express SOST [44]. In addition to DNA 
methylation in the proximal promoter, several 
regulatory elements and transcription factors 
tightly regulate SOST transcription in bone, 
including the evolutionarily conserved region 
5 (ECR5) and the myocyte enhancer factor-2 
(MEF2C), a transcription factor that binds to 
ECR5 [45–47]. Other genes influencing osteo-
genesis, such as osterix, the osteogenic protein 
Dlx-5, aromatase, RANKL, and the estrogen 
receptor, are also regulated by DNA methyla-
tion [36, 37, 48]. Chromatin remodeling plays 
also an important role in osteocyte differen-
tiation and function. For instance, it has been 
shown that histone modifications regulate the 
expression of Runt-related transcription factor 2 
(RUNX2), Activator protein 1 (AP-1), Activating 
transcription factor 4 (ATF4), and SMADs [49], 
all  key factors involved in osteoblast matura-
tion. In addition, sirtuin 1, a histone deacety-
lase, directly regulates SOST expression [50]. 
Similarly, HDAC5, a class IIa histone deacety-
lase, was identified as a negative regulator of 
MEF2C- driven SOST expression, through a 
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mechanism that involves salt inducible kinase 
2 [51, 52]. miRNAs are also actively involved 
in the regulation of osteocytic gene expression. 
miR-26a has been shown to negatively regu-
late Smad1, resulting in a decreased expression 
of various osteoblast markers, such as ALPL, 
osteoclacin, osteopontin, and collagen 2A1 
(COL2A1) [53]. Recent studies demonstrated 
that miR-206 inhibits Cx43 expression and 
potentially impairs osteoblast differentiation 
[54], and miR21 regulates osteocyte apoptosis 
downstream Cx43 in osteocytes [55].

 Osteocyte Apoptosis

Osteocytes do not proliferate in vivo. Thus, their 
number is controlled by the rate at which they 
are generated from mature osteoblasts and by 
their rate of apoptosis. One of the first pieces of 
evidence demonstrating that osteocytes perceive 
changes in the level of both physical stimuli and 
circulating factors was provided by studies on 
the regulation of osteocyte life span [56–58]. 
Although osteocytes are long-lived cells, they 
die by apoptosis as other bone cells. Early work 
showed an association between osteocyte apop-
tosis and estrogen withdrawal [59], and this work 
was followed by multiple studies demonstrat-
ing the role of estrogen and SERMS preserving 
osteocyte viability and the signaling pathways 
involved [60–69]. Osteocyte viability is now 
known to accompany the bone fragility syn-
dromes of estrogen and androgen deficiency, as 
well as glucocorticoid excess, mechanical disuse, 
and aging [70–72]. Conversely, preservation of 
osteocyte viability results from physiological lev-
els of mechanical stimulation [71, 73] and main-
tained by treatment with sex steroids [63, 64] or 
bisphosphonates [74].

 Regulation of Osteocyte Apoptosis 
by Mechanical Forces

Mechanical stimulation prevents apoptosis 
induced by death stimuli including glucocorti-
coids in both cultured osteocytic cells and authen-

tic osteocytes [75, 76]. In vitro work showed 
that osteocytes transduce mechanical forces into 
intracellular anti-apoptotic pathways by integ-
rins, cytoskeletal proteins, the focal adhesion 
kinase (FAK), and the Src kinase assembled at 
caveolin-rich domains of the plasma membrane, 
which ultimately activate survival kinases includ-
ing ERKs [75]. Mechanical loading also activates 
the Wnt signaling pathway [69, 77–80]. The 
protective ERK nuclear translocation and anti- 
apoptotic signals induced by mechanical stretch-
ing or fluid flow are abolished by antagonists of 
the canonical Wnt pathway, such as DKK1 and 
the stimulator of β-catenin degradation Axin2 
[81]. Conversely, glycogen synthase kinase 3β 
(GSK3β) phosphorylation and β-catenin accumu-
lation induced by mechanical cues are abolished 
by silencing caveolin-1 or by pharmacologically 
inhibiting ERKs. These findings suggest a bidi-
rectional crosstalk between the caveolin-1/ERKs 
and the Wnt/β-catenin pathways in mechano-
transduction [81].

Consistent with the regulation of apop-
totic pathways in  vitro, mechanical forces also 
regulate osteocyte life span in  vivo. Increased 
prevalence of apoptotic osteocytes is found in 
unloaded bones [71] or in bones exposed to high 
levels of mechanical strain [56, 82, 83]. In both 
cases, increased osteocyte apoptosis precedes 
osteoclastic resorption and apoptotic osteocytes 
 accumulate in areas subsequently removed by 
osteoclasts [71]. Together these findings sug-
gest that dying osteocytes are beacons for osteo-
clast recruitment to the vicinity and the resulting 
increase in bone resorption [84]. Consistent with 
this notion, targeted ablation of osteocytes by 
genetic means is sufficient to induce osteoclast 
recruitment and increase resorption leading to 
bone loss [85]. Recent studies demonstrate that 
osteocyte apoptosis, induced by either unload-
ing or overloading leading to fatigue dam-
age, increases the expression of RANKL in 
osteocytes of adjacent areas [86–88]. Blocking 
apoptosis with a pan inhibitor prevents both the 
increase in RANKL expression and the prore-
sorptive effect of either unloading or overloading 
[86, 87]. In contrast, inhibiting osteocyte apop-
tosis with a bisphosphonate that targets osteo-
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cytes and osteoblasts prevented the increase in 
RANKL but was not able to prevent the bone 
loss induced by unloading [88]. Taking together, 
these findings confirm the relationship between 
osteocyte apoptosis and RANKL expression 
between neighboring osteocytes. In addition, 
this evidence suggests that, in some but not all 
cases, increased RANKL expression in osteo-
cytes leads to targeted resorption. Therefore, it 
is possible that more than one osteocytic media-
tor regulates osteoclast precursor recruitment to 
specific areas of bone to initiate resorption.

Other potential candidates mediating this phe-
nomenon are osteoprotegerin (OPG), the decoy 
receptor for RANKL, which is expressed in 
osteocytes at least at similar levels than in osteo-
blasts [89], and the osteoclast chemotactic fac-
tor high-mobility group box 1 (HMGB1) protein 
[90], which is released by osteocytes undergo-
ing apoptosis and upregulates the expression of 
RANKL, TNF and, IL-6 and also decreases OPG 
expression. Further, in overloaded rat bones, dead 
osteocytes are surrounded by still-living osteo-
cytes in which the expression of VEGF (besides 
RANKL) is elevated [91], suggesting that signals 
emanated from apoptotic cells alter the expres-
sion of molecules that influence angiogenesis 
and potentially osteoclast precursor recruitment 
by acting on neighboring cells.

Mechanical loading is critical for the mainte-
nance of bone mass, whereas skeletal unloading, 
as occurs with reduced physical activity with old 
age, immobilization of bed rest, and total or par-
tial motor paralyses, causes bone loss leading to 
disuse osteoporosis [92]. Further, the bone loss 
that ensues under microgravity conditions rep-
resents the most significant hindrance for long- 
term space flying [93]. There is a rapid decrease 
in osteocyte viability with unloading suggesting 
that osteocytes are critical skeletal responders to 
changes in mechanical forces [71]. Consistent 
with this notion, mice depleted from osteocytes 
are protected from the bone loss induced by tail 
suspension, suggesting that in the absence of 
osteocytes, the skeleton is unable to elicit a nor-
mal osteoclastogenic response [85]. Mice with 
conditional deletion of RANKL in osteocytes 
are also protected from unloading-induced eleva-

tion in osteoclasts and bone loss [25], suggest-
ing that osteocytes provide the required RANKL 
for osteoclast formation during skeletal disuse. 
Together, these findings confirm that osteocytes 
are the primary culprit of the negative bone bal-
ance that ensues with weightlessness.

 Regulation of Osteocyte Apoptosis 
by Sex Steroids and Bisphosphonates

Loss of sex steroids leads to increased prevalence 
of osteocyte apoptosis. In contrast, estrogens and 
androgens inhibit apoptosis of osteocytes as well 
as osteoblasts [64, 69]. This anti-apoptotic effect 
is due to rapid activation of the Src/Shc/ERK and 
PI3K signaling pathways through non-genotropic 
actions of the classical receptors for sex steroids 
[64, 94]. Bisphosphonates also preserve viabil-
ity of osteocytes (and osteoblasts) in  vitro and 
in vivo, through a mechanism that involves open-
ing of Cx43 hemichannels and ERK activation 
[12, 57, 74, 95]. The fact that apoptotic osteo-
cytes trigger bone resorption, taken together with 
the evidence that osteocyte apoptosis is inhibited 
by estrogens and bisphosphonates, raises the pos-
sibility that preservation of osteocyte viability 
contributes to the anti-remodeling properties of 
these agents.

 Regulation of Bone Formation 
by Osteocytes

Due to their location in the bone matrix and 
their extensive connections with other osteo-
cytes and cells in the bone marrow, osteocytes 
were traditionally considered the main mecha-
nosensors in the skeleton, capable of sensing 
mechanical forces in bone and translating them 
into biochemical signals promoting bone forma-
tion [96, 97]. Supporting this notion, targeted 
deletion of osteocytes results in bone loss and 
lack of anabolic response to mechanical load-
ing [85]. More recently, the discovery of loss-
of-function mutations in several components 
of the Wnt signaling and their dramatic effects 
in bone mass attracted considerable attention 
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to this pathway [98]. Clinical and animal data 
have shown that Wnt/β- catenin signaling in 
bone plays a significant role in the control of 
osteoblast differentiation, survival, and func-
tion [98]. Now we know that osteocytes nega-
tively regulate osteoblast viability and function 
by secreting Wnt signaling antagonists, includ-
ing DKK1 and Sclerostin [34, 99], which block 
the binding of Wnt ligands to Frizzled receptors 
and low-density lipoprotein receptor–related 
proteins (LRP) 5 and 6 [34, 98]. Genetic dele-
tion of SOST, the gene encoding Sclerostin, in 
mice increases bone formation and bone mass, 
recapitulating the high bone mass phenotype 
exhibited by patients with mutations in this 
gene [98, 100]. Moreover, SOST/Sclerostin 
expression is modulated by anabolic stimuli and 
has become a promising target for the treatment 
of skeletal diseases associated with low bone 
formation. Specifically, Sclerostin is downreg-
ulated by parathyroid hormone (PTH), a Food 
and Drug Administration (FDA)-approved ana-
bolic agent for osteoporosis in the USA [101–
105] (see section “Osteocytes and the Actions 
of the PTH Receptor”). In addition, the increase 
in bone formation in response to mechanical 
loads is mediated by the downregulation of 
Sclerostin in osteocytes [106, 107]. Deletion 
or pharmacological inhibition of LRP4, a chap-
erone required for the inhibitory actions of 
Sclerostin, also increased bone formation and 
bone mass [108]. Opposite to LRP4 and SOST/
Sclerostin inhibition, deletion of DKK1 has 
minor effects on the skeleton. It was recently 
shown that DKK1 inhibition increases SOST/
Sclerostin expression, suggesting a potential 
compensatory mechanism that could account 
for the weak anabolic effects of DKK1 sup-
pression [109]. Supporting this notion, a robust 
anabolic response to DKK1 deletion was found 
when SOST/Sclerostin signaling was impaired. 
In the past decade, several neutralizing antibod-
ies against DKK1, Sclerostin, and LRP4 have 
been developed and have shown promising 
therapeutic outcomes for patients with osteo-
porosis and other skeletal diseases (discussed 
in section “Neutralizing Antibodies Against 
Sclerostin”).

Although the effects of Wnt signaling activa-
tion on bone mass are well documented, the cell 
responsible for orchestrating the Wnt anabolic 
actions had remained elusive. Indeed, activation 
of Wnt/β-catenin signaling in pre-osteoblasts or 
osteoblasts inhibits resorption without increas-
ing bone formation [110]. In contrast, genetic 
activation of canonical Wnt signaling in osteo-
cytes increases bone mineral density and bone 
volume, osteoblast number, bone matrix produc-
tion, periosteal bone formation rate, and acti-
vates Notch signaling in bone, without affecting 
survival [33]. These results contrast with those 
observed in mice expressing the same dominant 
active β-catenin transgene in osteoblasts, which 
exhibit decreased resorption and perinatal death 
from leukemia [111], and identify osteocytes as 
the central target cell coordinating the anabolic 
actions of canonical Wnt/β-catenin signaling in 
bone.

Finally, osteocytes also affect osteoblasts 
through physical interactions. It has been shown 
in  vitro that direct cell-to-cell contact between 
osteocytes and osteoblasts increases the expres-
sion of genes involved in osteoblast differentia-
tion (COL1A, RUNX2, ALPL) [112]. In addition, 
Notch signaling, a pathway that mediates cell-to- 
cell communication upon interactions between 
Notch receptors and Notch ligands, regulates 
both osteocyte and osteoblast function [113, 
114] (see section “Targeting Notch Signaling in 
Osteocytes”).

 Regulation of Bone Resorption 
by Osteocytes

The osteopetrotic phenotype of adult but not 
growing mice lacking RANKL in osteocytes 
demonstrates that osteocytes are a major source 
of RANKL controlling adult remodeling bone 
[25, 26]. However, the contribution of osteo-
cytic membrane-bound or soluble RANKL to 
osteocyte- driven bone resorption had remained 
unclear. Recent findings demonstrated that the 
membrane-bound form of RANKL is sufficient 
for most functions of this protein but that the 
soluble form contributes to physiological bone 
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remodeling in adult mice [115]. Thus, mice 
lacking soluble RANKL exhibit normal bone 
mass and structure during growth but reduced 
osteoclast number and increased cancellous 
bone mass in adulthood. In addition, bone loss, 
induced by estrogen deficiency, as well as lym-
phocyte number, lymph node development, and 
mammary gland development, is normal in mice 
lacking soluble RANKL. The similar phenotypes 
between mice lacking RANKL in osteocytes and 
mice lacking soluble RANKL in all cells sug-
gest that osteocytes regulate bone resorption at 
least in part via soluble RANKL. However, the 
decrease in osteoclast number in mice lack-
ing soluble RANKL was not as accentuated as 
in mice lacking osteocytic RANKL, suggesting 
that osteocytes also utilize membrane-bound 
RANKL to communicate with osteoclast pro-
genitors. Intriguingly, most osteocytes are not in 
direct contact with the blood vessels or the bone 
marrow, in particular in larger animals exhibiting 
true osteonal remodeling. Therefore, the mecha-
nisms by which membrane-bound RANKL in 
osteocytes make direct contact with osteoclast 
progenitors remain to be clarified.

As mentioned above, osteocytes also secrete 
OPG, which competes with RANKL for its 
receptor RANK on osteoclast precursors. In 
osteocytes, as in osteoblasts, OPG secretion is 
regulated by the Wnt/β-catenin pathway, and 
mice lacking β-catenin in osteocytes are osteo-
porotic due to increased osteoclast numbers and 
bone resorption [89]. In addition, emerging evi-
dence also points to osteocytes as an additional 
source of secreted M-CSF in bone [116].

Together, these novel findings suggest that 
osteocytes have the potential to control bone 
resorption through regulation of osteoclast differ-
entiation and function under both physiological 
and pathological conditions.

 Osteocytes and Aging

One of the functions attributed to the osteocyte 
network is to detect microdamage and trig-
ger its repair [1, 117]. During aging, there is 
accumulation of microdamage and a decline in 

osteocyte density accompanied by decreased 
prevalence of osteocyte-occupied lacunae, 
an index of premature osteocyte death [118]. 
Reduced osteocyte density might be a direct 
consequence of increased osteoblast apoptosis. 
However, the prevalence of apoptotic osteo-
cytes might result from the decline in physical 
activity with old age leading to reduced skel-
etal loading, accumulation of reactive oxygen 
species (ROS) in bone [119], and/or increased 
levels of endogenous glucocorticoids with age 
[120]. Nevertheless, the loss of osteocytes is 
at least partially responsible for the disparity 
between bone quantity and quality that occurs 
with aging.

Cx43 expression in osteocytes is required in 
a cell-autonomous fashion to preserve osteo-
cyte viability, as well as to control in osteocytes 
the levels of proteins that regulate osteoclas-
togenesis [11, 121]. Anatomical mapping of 
apoptotic osteocytes, osteocytic protein expres-
sion, and resorption and formation in bones 
from Cx43- deficient mice suggests that Cx43 
controls osteoclast and osteoblast activity by 
regulating OPG and Sclerostin levels, respec-
tively, in osteocytes located in specific areas 
of cortical bone. Furthermore, cultured osteo-
cytic cells lacking Cx43 exhibit increased rate 
of apoptosis, decreased OPG, and increased 
RANKL expression [11, 122]. Similar molec-
ular changes are observed in bones of mice 
lacking Cx43  in osteocytes. Moreover, these 
conditional knockout mice display increased 
endocortical resorption and exaggerated peri-
osteal bone apposition resulting in altered cor-
tical bone geometry. As a consequence, long 
bones from mice deficient in Cx43  in osteo-
cytes exhibit enlarged bone marrow cavities 
and increased cross-sectional diameter [11, 
122, 123]. Accumulation of apoptotic osteo-
cytes and empty lacunae, increased endocorti-
cal resorption, and periosteal expansion of the 
long bones resemble bones from aging rodents 
and humans [72, 124]. The expression of Cx43 
channel/hemichannel protein decreases with 
age [125]. Therefore, reduced Cx43 expres-
sion might mediate at least some of the changes 
induced by aging in the skeleton.
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 Effects of Glucocorticoids (GC) 
on Osteocytes

GCs have profound effects on cells of the osteo-
blastic lineage and, in particular, in osteocytes. 
Endogenous GC activity is regulated by two 
enzymes: 11β-HSD type 1 and type 2. 11β-
HSD1 converts inert 11-ketometabolites into 
biologically active GC, whereas 11β-HSD2 con-
verts active GC into inactive metabolites. By 
overexpressing 11β-HSD2 under the control of 
promoters active at different stages of differentia-
tion of the osteoblastic lineage, GC action can be 
blocked in a cell-specific manner. Blocking GC 
action by overexpressing 11β-HSD2 in immature 
and mature osteoblasts versus late osteoblasts 
and osteocytes demonstrated that GC signaling 
in early osteoblastic differentiation stages, but 
not in late osteoblastic or osteocytic stages, is 
required for optimal bone mass acquisition dur-
ing bone growth [126].

A hallmark of GC excess on mature osteo-
blasts and osteocytes is the promotion of apop-
tosis [127, 128]. The increase in the prevalence 
of osteoblast apoptosis partially explains the 
reduced osteoblast number and decreased bone 
formation induced by GC.  Further, accumu-
lation of apoptotic osteocytes contributes to 
osteoporosis of GC excess. Mice overexpress-
ing 11β- HSD2 under the control of the murine 
osteocalcin gene 2 promoter, which is active 
only in mature osteoblasts and osteocytes, were 
protected from GC-induced apoptosis of these 
cells [129, 130]. Prevention of osteoblast/osteo-
cyte apoptosis preserved cancellous osteoblast 
function and osteoid production, thus preventing 
the decrease in bone formation. Accordingly, the 
apoptotic effect of GC observed in vivo is read-
ily reproduced in  vitro in cultured osteoblasts 
and osteocytes and depends on the expression 
of the glucocorticoid receptor (GR) [131, 132]. 
Importantly, bone strength was preserved in 
these transgenic mice despite loss of bone mass, 
suggesting a potential effect of osteocyte viabil-
ity in preserving bone strength. In addition, the 
initial rapid bone loss induced by GC was not 
prevented by blocking GC action in osteoblasts 
and osteocytes, strongly suggesting that the 

early phase of bone loss is due to direct actions 
of GC on osteoclasts [133].

Binding of GC to the GR is followed by cis- 
or trans-interactions between the ligand-bound 
receptor with DNA and induction or repression 
of gene transcription [134, 135]. In addition, GC 
exert “non-genomic” actions mediated by the GR 
that do not involve direct GR interaction with 
the DNA, but that result from modulation of the 
activity of intracellular kinases such as ERKs, the 
c-Jun N-terminal kinase (JNK), and the proline- 
rich tyrosine kinase 2 (Pyk2) [136–141]. Pyk2, 
also known as related adhesion focal tyrosine 
kinase (RAFTK), cellular adhesion kinase β 
(CAKβ), and calcium-dependent tyrosine kinase 
(CADTK), is a member of the focal adhesion 
kinase (FAK) family of non-receptor tyrosine 
kinases [142, 143]. Despite their high homol-
ogy, Pyk2 and FAK exhibit opposite effects on 
cell fate as FAK activation promotes cell spread-
ing and survival and Pyk2 activation induces 
cell detachment and apoptosis [142, 144]. FAK 
and Pyk2 control survival of osteocytes and 
osteoblasts by regulating cellular interactions 
through focal adhesions with the extracellular 
matrix [145–147]. At the focal adhesions, inte-
grins connect extracellular matrix proteins with 
cellular structural and catalytic molecules by 
bidirectional signaling. Outside-in signaling is 
the one activated by extracellular matrix proteins 
that induces integrin engagement and activates 
intracellular signaling; and inside-out signal-
ing is the one triggered from inside the cell and 
regulates the interaction of integrins with extra-
cellular matrix proteins [148, 149]. Association 
of integrins with the extracellular matrix leads 
to survival, while loss of this interaction causes 
detachment-induced apoptosis or anoikis [147]. 
For osteocytes, integrin engagement mediated 
by FAK is potentiated by mechanical signals and 
maintains osteocyte survival [75]. GCs oppose 
this integrin-/FAK-dependent survival signaling 
by activating Pyk2, which in turn activates inside- 
out signaling resulting in cell detachment and 
leads to anoikis. Pyk2 activation also activates 
pro-apoptotic JNK signaling [132]. Remarkably, 
although this action of GC is exerted via a 
receptor- mediated mechanism, it is independent 
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of new gene transcription [132]. Changes in FAK 
and Pyk2 kinase signaling induced by GC, com-
bined with downregulation of genes that prolong 
survival, such as interleukin-6, insulin growth 
factors, transforming growth factor β, collage-
nase type I, and integrin β1 [134, 150–153], could 
result in the increase in osteocyte and osteoblast 
apoptosis observed in vivo. This evidence high-
lights the importance of rapid kinase signaling in 
GC action in bone and opens new avenues for the 
design of GC analogs with the ability to activate 
transcription-mediated versus kinase-mediated 
actions of the GR.

GCs also increase reactive oxygen species 
(ROS) production in bone in vivo and in osteo-
blasts in  vitro [154]. Although it has not been 
determined whether this occurs in osteocytes, 
the global effect of GC on ROS could contrib-
ute to the effects of the steroids in bone in vivo. 
Endoplasmic reticulum (ER) stress is associated 
with increased ROS, resulting from accumulation 
of misfolded/unfolded proteins, and can trigger 
apoptosis. ER stress is alleviated by phosphoryla-
tion of eukaryotic translation initiation factor 2α 
(eIF2α), which slows the global rate of protein 
translation to provide time for the ER to recover 
from the excessive protein load, thus allowing 
the cell to escape from apoptosis [155, 156]. 
Consistent with a role for ROS/ER stress, GC 
effects are prevented by the compounds, salubri-
nal and guanabenz [157], eIF2α dephosphoryla-
tion inhibitors that block ROS-induced ER stress 
[158, 159]. Salubrinal and guanabenz prevented 
the pro-apoptotic effect of GC on osteoblasts and 
osteocytes in vitro as well as the decrease in dif-
ferentiation induced by GC in osteoblastic cell 
cultures. Further, salubrinal prevented apoptosis 
of osteoblasts and osteocytes in vivo and blunted 
the decrease in bone mass and bone formation 
induced by GC.  Salubrinal increased the num-
ber of alkaline phosphatase-positive colonies in 
bone marrow cell cultures [160] and osteocalcin 
expression in osteoblastic MC3T3-E1 cells [161]. 
Conversely, in  vitro exposure to thapsigargin 
or tunicamycin induces elevated ER stress and 
increased apoptosis of osteoblasts and changes 
in osteoblast differentiation [162, 163]. Increased 
ER stress appears to have a time-dependent 

biphasic effect inducing rapid increase in osteo-
blast markers Runx2 and osterix, followed by a 
reduction in the expression of these transcription 
factors as well as osteocalcin [162].

GCs not only induce osteocyte apoptosis but 
also alter their gene expression profile. GCs 
increase the expression of SOST/Sclerostin 
in bone and the number of Sclerostin-positive 
osteocytes, an effect accompanied by decreased 
expression of genes associated with both anti- 
catabolism, including OPG, and anabolism/sur-
vival, such as cyclin D1 [164]. GC decreased 
the mass, deteriorated the microarchitecture, 
and reduced the structural and material strength 
of bone in wild-type mice, but not in mice with 
genetic deletion of SOST.  Mechanistic studies 
showed that the preservation of bone mass and 
strength in SOST KO mice was due to prevention 
of GC-induced bone resorption and not to resto-
ration of bone formation [164]. These results sup-
port the notion that activation of Wnt/β- catenin 
signaling by inhibiting SOST/Sclerostin signal-
ing maintains bone integrity by opposing bone 
catabolism, despite the reduction in bone forma-
tion and increased osteoblast/osteocyte apoptosis 
induced by GC.

 Osteocytes and the Actions 
of the Parathyroid Hormone (PTH) 
Receptor

PTH has profound effects on the skeleton, and its 
elevation in the circulation can generate catabolic 
and anabolic effects on bone depending on the 
temporal profile of its increase. Chronic excess of 
PTH, as in primary hyperparathyroidism or sec-
ondary to calcium deficiency, increases the rate 
of bone remodeling and can result in loss of bone 
mass. In contrast, intermittent PTH elevation, as 
achieved by daily injections, stimulates bone for-
mation to a greater degree than resorption and is 
a current bone anabolic therapy to increase bone 
mass in the setting of osteoporosis. High bone 
remodeling rates and bone loss with chronic PTH 
elevation are associated with excessive production 
of osteoclasts coupled to increased osteoblasts, 
with a negative balance between formation and 
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resorption within each bone multicellular unit. 
Instead, the primary effect of intermittent PTH 
elevation is a rapid increase in osteoblasts and 
bone formation, attributed to the ability of PTH 
to promote proliferation of osteoblast precursors, 
to inhibit osteoblast apoptosis, to reactivate lining 
cells to become matrix-synthesizing osteoblasts, 
or to a combination of these effects [165, 166]. 
Daily PTH injections in humans stimulate bone 
formation by increasing bone remodeling rate and 
the amount of bone formed by each remodeling 
unit, named “remodeling-based formation” [167]. 
PTH also stimulates bone formation not coupled 
to prior resorption, referred to as “modeling-based 
formation” [165, 167, 168].

 Osteocytic PTH Receptor and Skeletal 
Actions of PTH

Work of the last few years established that some 
of actions of PTH on the skeleton are mediated 
by direct effects of the hormone on osteocytes 
[169, 170]. PTH downregulates the expression 
of SOST/Sclerostin [101, 102], and increases 
the expression of FGF23, which regulates phos-
phate reabsorption in the kidney, thus contrib-
uting to mineral homeostasis [169, 171, 172]. 
Moreover, the major skeletal effects of PTH are 
recapitulated in transgenic mice expressing a 
constitutively active PTH receptor in osteocytes 
(DMP1-caPTH1ROt) [169, 173–175], which dis-
play marked increase in bone mineral density 
and increased bone formation rate and osteo-
blasts in cortical and cancellous bone surfaces. 
In addition, expression of SOST/Sclerostin is 
reduced and Wnt signaling is activated in DMP1- 
caPTH1ROt mice. Consistently, mice with condi-
tional deletion of the PTH receptor 1 (PTH1R) 
in osteocytes using the DMP1-8 kb promoter or 
that DMP1-10 kb promoter to drive Cre expres-
sion (cKO-PTH1R) exhibit decreased resorp-
tion, lower RANKL/OPG ratio and a modest 
increase in cancellous bone volume [176, 177]. 
In contrast, the elevated bone resorption and bone 
loss induced by endogenous elevation of PTH in 
mice fed a low calcium diet was similar in cKO- 
PTH1R mice and control littermates, in both 

cancellous and cortical bone. There results sug-
gest that cells other than osteocytes in the bone/
bone marrow microenvironment might mediate 
the skeletal actions of chronic PTH elevation. On 
the other hand, cKO-PTH1R mice failed to fully 
respond to daily PTH injections, as the increase 
in bone mass and bone formation rate in all bone 
surfaces (cancellous, endocortical, and perios-
teal) observed in control mice was reduced or 
absent in cKO-PTH1R mice. Together, these find-
ings demonstrate that PTH1R signaling in osteo-
cytes is required to maintain basal levels of bone 
resorption. Further, osteocytic PTHR signaling is 
dispensable for the catabolic actions of chronic 
PTH elevation; however, it is essential for the full 
anabolic actions of daily PTH injections [176]. 
The evidence that direct PTHR signaling in 
osteocytes is not needed for the catabolic actions 
of the hormone suggests that chronic elevation of 
PTH may induce osteocytic RANKL production 
indirectly acting on other cells of the bone/bone 
marrow microenvironment. Indeed, T-cell-null 
mice and mice with conditional deletion of PTHR 
in T cells fail to induce bone loss with chronic 
elevation of PTH [178, 179]. Further, recent evi-
dence demonstrates that chronic PTH elevation 
fails to induce bone loss and causes less bone 
resorption in mice lacking the IL-17A recep-
tor in osteocytes (with DMP1-8  kb-Cre) [180]. 
In addition, deletion of IL-17A receptor signal-
ing in osteocytes blunts the capacity of chronic 
PTH to stimulate osteocytic RANKL produc-
tion. Therefore, direct IL-17A receptor signal-
ing in osteocytes is required for PTH to exert its 
bone catabolic effects and chronic PTH increases 
RANKL expression in osteocytes indirectly, via 
an IL-17A/IL-17RA-mediated mechanism. In 
summary, osteocytic production of RANKL and 
T-cell production of IL-17A are both critical for 
the bone catabolic activity.

 Osteocytic PTH Receptor 
and Regulation of Bone Formation

Similar to the requirement of the PTH1R for 
the full anabolic response to PTH, periosteal 
bone formation induced by axial ulna loading 
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was reduced in cKO-PTH1R mice compared to 
controls [176]. Consistently, mechanical loading 
decreased SOST and increased Wnt target gene 
expression in WT mice but not in cKO-PTH1R 
mice [176]. Both mechanical stimulation and 
daily PTH injections decrease SOST/Sclerostin 
expression [101, 181], thus suggesting that 
osteocytic PTH1R controls bone anabolism in 
response to both stimuli through downregulation 
of SOST expression, unleashing bone formation. 
Recent studies have examined the requirement 
of SOST downregulation for the anabolic 
response to PTH and mechanical loading using 
DMP1-8 kb-SOST mice overexpressing in osteo-
cytes a human SOST transgene that cannot be 
downregulated. The inability to downregulate 
SOST abolished the increase in bone formation 
and Wnt/β-catenin signaling induced by load-
ing in DMP1-8 kb- SOST mice [106]. However, 
DMP1-8 kb-SOST mice exhibited a similar bone 
anabolic response to daily PTH injections com-
pared to control littermates, regarding bone mass, 
bone formation rate, and activation of Wnt/β-
catenin signaling [176]. Taken together, these 
findings support that expression of the PTH1R in 
osteocytes is required to stimulate Wnt/β-catenin 
signaling and to elicit bone gain resulting from 
daily injections of PTH and mechanical load-
ing. However, whereas downregulation of SOST/
Sclerostin expression is required for loading-
induced bone formation, it is dispensable for 
PTH-induced anabolism. Therefore, mechanisms 
downstream of PTH1R other than inhibition of 
SOST/Sclerostin are responsible for PTH bone 
anabolic effects driven by osteocytes.

 PTH Receptor Signaling in Osteocytes 
and Bone Resorption

It has been long recognized that PTH upregulates 
RANKL expression in cells of the osteoblastic 
lineage, but the precise differentiation stage of the 
PTH target cell responsible for RANKL- mediated 
stimulation of bone resorption had remained unde-
fined. Recent work demonstrates that PTH signal-
ing in osteocytes directly upregulates the RANKL 
gene [182]. Deletion of the distal control region 

(DCR) responsible for the increase in RANKL by 
PTH (DCR−/− mice) decreased the high resorption 
exhibited by mice with constitutive active PTH1R 
signaling in osteocytes (DMP1-caPTH1ROt) 
[182]. Furthermore, DCR deletion decreased the 
elevated RANKL expression in osteocytes exhib-
ited by DMP1-caPTH1ROt to WT levels. These 
findings demonstrate that PTH1R signaling in 
the adult skeleton requires direct regulation of the 
RANKL gene in osteocytes [182].

More recent studies demonstrated that matrix 
metalloproteinase 14 (MMP14) is a novel target 
gene of PTH in osteocytes, and inhibition of its 
activity regulates PTH-induced bone resorp-
tion [183]. Bones from DMP1-caPTH1ROt 
mice exhibit elevated expression MMP14, and 
MMP14 expression is increased in WT mice 
injected daily with PTH, but not in bones from 
PTH1R cKO in osteocytes, suggesting that 
MMP14 is a new target for PTH1R signaling in 
osteocytes. Mechanistic studies demonstrated 
that MMP14 increases soluble RANKL produc-
tion, which, in turn, stimulates osteoclast dif-
ferentiation and resorption. Pharmacological 
inhibition of MMP14 inhibited bone resorption 
and allowed full stimulation of bone formation, 
thus  potentiating the increase in cancellous bone 
induced by daily PTH. Thus, MMP14 is a new 
member of the intricate gene network activated 
in osteocytes by PTH1R signaling that can be tar-
geted to adjust the skeletal responses to PTH in 
favor of bone preservation [183].

 Osteocytes and Diabetes 
Mellitus (DM)

DM is a highly prevalent disease that affects 200 
million people worldwide, and it is associated 
with increased fracture risk [184]. In subjects 
with type 1 DM (T1D), bone mass is consis-
tently decreased, whereas in patients with type 2 
DM, bone mass is usually normal or even high; 
but in both cases, there are concomitant altera-
tions in bone structure and strength that com-
promise bone quality [185]. Diabetic patients 
show decreased bone formation and increased 
resorption due to complex and yet ill-defined 
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mechanisms, including hyperglycemia and 
accumulation of advanced glycation end prod-
ucts. The morbidity and mortality associated 
with bone fractures are especially aggravated 
by impaired fracture healing [186], likely due 
to disrupted function of bone cells. Recent find-
ings demonstrate that DM affects the osteocyte in 
bone. Mice with DM induced by streptozotocin, 
a non-autoimmune model of type 1 DM, exhibit 
low bone mass, inferior mechanical and material 
properties, increased osteoclasts and bone resorp-
tion, and decreased osteoblast bone formation, 
which were accompanied by increased expres-
sion of the osteocyte- derived Wnt antagonists 
Sclerostin and DKK1 and by increased RANKL/
OPG expression in bone [187, 188]. The changes 
in bone formation and resorption and the bone 
loss induced by DM were corrected by treating 
with two different peptides derived from PTH-
related peptide (PTHrP):(1–37)and  (107–111), 
which, respectively, act through the PTH1R or 
cross-activate the VEGF receptor [187]. Reversal 
of the bone loss in DM was also reported with 
similar doses of PTH [188]. The changes in gene 
expression were also reversed by the PTHrP frag-
ments, except for the increased DKK1 expres-
sion. DM mice also display increased prevalence 
of osteocyte apoptosis, which was inhibited by 
the PTHrP peptides [187], in particular [1–37]. 
Osteocytic MLO-Y4 cells cultured in high glu-
cose also showed increased apoptosis. Moreover, 
PTHrP [1–37] prevented the increase in osteo-
cytic cell apoptosis and increased Bcl2 levels, 
activated the survival kinases ERKs, and induced 
nuclear translocation of the canonical Wnt sig-
naling mediator β-catenin. Further, in a recent 
study, Bonnet and colleagues studied the role 
of Peroxisome proliferator-activated receptor 
γ (PPARγ) in osteocytes on body composition 
and glucose metabolism using a high-fat diet 
model [189]. Mice lacking PPARγ in osteocytes 
had less fat, enhanced insulin sensitivity, and 
energy expenditure compared with wild-type 
mice. When fed with a high-fat diet, mice lack-
ing PPARγ in osteocytes retain glycemic con-
trol, suggesting that osteocytes regulate glucose 
homeostasis through a PPARγ-dependent mech-
anism. These findings suggest a crucial role of 

osteocytes in the harmful effects of diabetes on 
bone and raise the possibility of targeting these 
cells as a novel approach to treat skeletal deterio-
ration in DM.

 Osteocytes and Cancer

The skeleton is a preferred site for cancer metas-
tasis. Current knowledge supports that multiple 
cells within the bone and bone marrow niche 
contribute to the development and progression 
of cancer in bone [190]. For many years, osteo-
cytes have been the forgotten bone cells and con-
sidered inactive spectators in the bone/cancer 
niche. However, accumulating evidence over the 
last years indicates that osteocytes contribute to 
generate a microenvironment that is conducive 
to tumor growth, skeletal destruction, and bone 
pain [191, 192]. The first evidence suggesting 
a potential role of osteocytes in cancer in bone 
was provided by Giuliani and colleagues, who 
found an increase in apoptotic osteocytes in 
bones from multiple myeloma (MM) patients 
[193]. Consistent with this finding, analysis of 
murine models of MM bone disease revealed that 
the number of apoptotic osteocytes is increased 
in bone areas infiltrated with MM cells [194]. 
Mechanistic studies demonstrated that MM cells 
activate Notch signaling in osteocytes, which 
in turn triggered caspase-3-mediated apoptosis 
[194]. In addition, MM-derived tumor necrosis 
factor α (TNFα) sustains/amplifies osteocyte 
apoptosis, a second mechanism by which these 
cancer cells decrease the life span of osteocytes 
[194]. More recently, it has been suggested that 
MM cells can also stimulate osteocyte apoptosis 
by inducing autophagy [195].

Giuliani and colleagues also found a positive 
correlation between death osteocytes and number 
osteoclasts in bone samples from MM patients 
[193], suggesting that apoptotic osteocytes could 
target bone resorption to particular areas of the 
bone infiltrated with MM cells. This notion is 
supported by in vitro experiments showing that 
apoptosis increases RANKL expression and 
enhances the ability of osteocytes to attract osteo-
clast precursors and stimulate osteoclastogenesis 
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[193, 194]. Other factors released by osteocytes, 
including interleukin (IL)-11, could also play a 
role in the increased resorption induced by the 
growth of MM cells in the bone [193]. In addi-
tion, the expression of the Wnt target gene osteo-
protegerin (OPG) is also decreased in osteocytes 
cultured with MM cells, thus increasing even fur-
ther the RANKL/OPG and their osteoclastogenic 
potential [194].

Moreover, osteocytes also participate in the 
suppression of osteoblast differentiation and 
new bone formation induced by cancer cells by 
increasing the levels of Sclerostin in the micro-
environment [194, 196]. Osteocytes overproduce 
SOST/Sclerostin in MM-colonized bones, leading 
to Wnt signaling inhibition and impairing osteo-
blast differentiation [194]. In addition, it has been 
shown that Sclerostin could also promote breast 
cancer cell migration, invasion, and bone osteoly-
sis [197]. Importantly, genetic and pharmacologic 
inhibition of SOST/Sclerostin signaling increases 
osteoblast number and bone formation and pre-
vents bone destruction in several preclinical mod-
els of cancer-induced bone disease [197–200] 
(see section “Neutralizing Antibodies Against 
Sclerostin”). Importantly, inhibition of Sclerostin 
did not alter tumor growth in MM mouse mod-
els, whereas it decreased tumor proliferation in 
breast cancer models. Further studies are required 
to fully understand the contribution of SOST/
Sclerostin signaling to tumor growth.

Osteocytes also can support the growth of 
cancer cells. Osteocytes activate Notch signaling 
in MM cells and stimulate tumor growth [194]. 
Further, osteocyte-induced bone resorption could 
also enhance the release of matrix factors stimu-
lating tumor growth. Moreover, osteocytes pro-
duce chemokine (C-C motif) ligand 5 in response 
to mechanical signals (pressure) from the growth 
of prostate cancer cells in the bone marrow 
niche, which favors the growth and invasion of 
prostate cancer cells into bone [201]. Also, recent 
findings suggest that osteocytes, in addition to 
osteoblasts, may act as a cell of origin for osteo-
sarcoma [202]. Interestingly, recent data suggest 
that osteocytes can communicate with sensory 
nerves and also can contribute to cancer-induced 
bone pain [203].

 Regulation of Body Composition 
and Whole-Body Metabolism by 
Osteocytes

The skeleton has recently emerged as an endo-
crine organ implicated in the regulation of whole- 
body composition and energy metabolism [204]. 
This function of bone has been attributed mainly 
to osteoblast-derived osteocalcin and lipocalin, 
which control insulin sensitivity and secretion, 
body composition, appetite, and energy expendi-
ture [205, 206]. Growing evidence supports that 
osteocytes also play a part in the homeostasis of 
remote organs. For instance, ablation of osteo-
cytes in mice leads to severe lymphopenia and 
complete loss of white adipose tissues (WAT), 
suggesting osteocytes can act as regulators of 
multiple organs [207]. Similarly, Ohlsson and 
colleagues showed that body weight regulates fat 
mass in an osteocyte-dependent manner, as deple-
tion of osteocytes impaired the suppression of 
body weight induced by increased loading [208].

Another area of recent interest is the potential 
role of circulating osteocyte-derived Sclerostin 
in the regulation of adipose tissue and energy 
metabolism. In vitro, Sclerostin positively reg-
ulates the differentiation of cells of the adipo-
cyte lineage and marrow adipocytes [209, 210]. 
Moreover, in vivo studies have shown that radia-
tion increases Sclerostin expression and the num-
ber of bone marrow adipocytes, and this effect is 
blocked by anti-Sclerostin antibodies or genetic 
deletion of SOST [211]. Further, overexpression 
of Sclerostin increases peripheral fat and impairs 
glucose metabolism, whereas SOST knockout 
mice exhibited decreased peripheral fat weight 
[212]. Additionally, genetic and pharmacologic 
inhibition of SOST/Sclerostin partially pre-
vented the increase in fat and alteration of glu-
cose metabolism induced by administration of 
a high- fat diet [212]. Similarly, mice with con-
stitutive activation of b-catenin or conditional 
deletion of LRP4 in osteocytes exhibit increased 
serum levels of Sclerostin, an effect accom-
panied by increased body fat, peripheral WAT 
mass, and impaired glucose metabolism [213]. In 
support of a potential role of serum Sclerostin in 
the regulation of body metabolism, clinical data 
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has shown that serum Sclerostin is increased in 
T2DM and correlates with body mass index and 
fat mass in both DM patients and healthy adults 
[214–216]. Further, altered fat distribution is 
found in patients with mutations in LRP5 that 
affect the interaction of Sclerostin with this Wnt 
co- receptor [217]. In a recent study, loss of the 
stimulatory subunit of G-proteins Gsα in osteo-
cytes was associated with a progressive loss of 
WAT in gonadal and inguinal fat depots, even 
when these mice displayed high levels of serum 
Sclerostin [218]. These results suggest that Gsα 
controls other factors in osteocytes that could 
affect adipocytes differently than Sclerostin. 
Nevertheless, together, these findings support a 
novel endocrine function for osteocyte-derived 
Sclerostin that facilitates communication 
between the skeleton and distant organs and jus-
tify future investigations to explore the potential 
role of Sclerostin as an endocrine regulator of 
energy and fat metabolism. Whether Sclerostin 
regulates body fat by binding to LRP receptors 
and inhibiting Wnt signaling in adipocyte pro-
genitors/adipocytes or stimulates the expression 
of circulating pro- adipogenic cytokines in other 
cells remains an open question. Thus, further 
investigation is required to determine the spe-
cific mechanisms by which Sclerostin regulates 
adipocyte biology.

 Osteocyte as Therapeutic Targets 
for Skeletal Diseases

 Bisphosphonates

Bisphosphonates stop bone loss by inhibiting the 
activity of bone-resorbing osteoclasts. However, 
the effect of bisphosphonates on bone mass can-
not fully explain the reduction in fracture inci-
dence observed in patients treated with these 
agents. Research efforts provided an explanation 
to this dichotomy by demonstrating that part of 
the beneficial effect of bisphosphonates on the 
skeleton is due to prevention of osteoblast and 
osteocyte apoptosis [57]. This pro-survival effect 
is strictly dependent on the expression of Cx43, 
as demonstrated in vitro using cells lacking Cx43 

or expressing dominant negative mutants of the 
protein as well as in vivo using Cx43 osteoblast/
osteocyte-specific conditional knockout mice 
[121]. Remarkably, this Cx43-dependent sur-
vival effect of bisphosphonates is independent of 
gap junctions and results from opening of Cx43 
hemichannels [12, 74]. Hemichannel opening 
leads to activation of the kinases Src and extracel-
lular signal-regulated kinases (ERKs), followed 
by phosphorylation of the ERK cytoplasmic tar-
get p90RSK kinase and its substrates BAD and C/
EBPβ, resulting in inhibition of apoptosis. The 
anti-apoptotic effect of bisphosphonates is sepa-
rate from the effect of the drugs on osteoclasts, as 
analogs that lack anti-resorptive activity are still 
able to inhibit osteoblast and osteocyte apopto-
sis in vitro [219]. Furthermore, a bisphosphonate 
analog that does not inhibit osteoclast activity 
prevented osteoblast and osteocyte apoptosis and 
the loss of bone mass and strength induced by 
glucocorticoids as well as apoptosis induced by 
unloading in mice [88, 220]. Preservation of the 
bone-forming function of mature osteoblasts and 
maintenance of the osteocytic network, in combi-
nation with lack of anti-catabolic actions, could 
open new therapeutic possibilities for bisphos-
phonates in the treatment of osteopenic condi-
tions in which decreased bone resorption is not 
desired.

 Neutralizing Antibodies Against 
Sclerostin

The preclinical findings showing that osteocyte- 
derived Sclerostin is a potent negative regulator 
of bone formation led to development of neu-
tralizing antibodies against Sclerostin as a novel 
bone anabolic therapeutic approach [221–224]. 
Clinical data showed that treatment with anti- 
Sclerostin antibodies stimulates bone gain by 
enhancing osteoblast function while inhibiting 
osteoclasts, thus uncoupling bone formation 
and bone resorption. Anti-Sclerostin therapy has 
shown beneficial skeletal outcomes in osteopo-
rotic patients. However, the anabolic effects of 
anti-Sclerostin attenuate with time, and after 
therapy discontinuation, BMD eventually returns 

J. Delgado-Calle and T. Bellido



57

to pretreatment. Further, recent concerns have 
been raised about the development of serious 
cardiovascular adverse events in patients treated 
with anti-Sclerostin compared to those treated 
with alendronate or placebo [225, 226]. Of note, a 
bispecific antibody targeting both Sclerostin and 
DKK1 was developed and led to synergistic bone 
formation in rodents and nonhuman primates 
[227]. However, the performance of this bispe-
cific antibody in humans is currently unknown. 
Thus, despite its beneficial effects on bone mass 
and fracture risk reduction, the FDA has not yet 
approved the use of anti-Sclerostin for the treat-
ment of osteoporosis.

Another group of patients that could benefit 
from anti-Sclerostin therapy is the cancer popu-
lation. High serum Sclerostin levels have been 
detected in patients with different types of can-
cers that grow in bone [196]. Further, preclinical 
data has demonstrated that treatment with anti- 
Sclerostin antibodies prevents cancer-induced 
bone loss and induces new bone formation [197–
200], raising the possibility of using neutralizing 
antibodies against Sclerostin as new therapeutic 
approach to treat cancer-induced bone disease. 
Further studies are required to determine the 
source of Sclerostin (osteocytes vs cancer cells) 
and the mechanisms underlying its aberrant 
secretion. Without doubt, a deeper understanding 
of the pathophysiology of SOST/Sclerostin will 
lead to improve current therapies and the iden-
tification of novel therapeutic targets to combat 
skeletal diseases.

 Neutralizing Antibodies 
Against RANKL

As mentioned above, accumulating evidence 
supports that RANKL production increases 
with age and its expression is altered in several 
skeletal diseases, explaining, at least in part, the 
imbalance between bone formation and bone 
resorption that lead to bone loss. In order to 
block RANKL signaling, denosumab, a fully 
human monoclonal antibody against RANKL, 
was developed as a novel therapeutic agent to 
inhibit RANKL- induced bone resorption [228, 

229]. Denosumab binds to RANKL and blocks 
downstream signaling, thus inhibiting osteoclast 
differentiation and function and decreasing bone 
resorption. Given that osteocytes are a major 
source of RANKL in adult bones, it is likely that 
the potent anti- resorptive effects of denosumab 
on bone are due to the inhibition of osteocyte-
derived RANKL.  Ongoing long-term studies 
suggest that treatment with denosumab leads to 
bone density gains, even after 5 years of treat-
ment [230]. However, therapy discontinuation is 
associated with bone loss, which can be attenu-
ated by bisphosphonate administration [231]. 
Currently, denosumab is FDA approved for the 
treatment of postmenopausal women with osteo-
porosis at high risk for fracture, for the treatment 
of bone loss in patients with prostate or breast 
cancer undergoing hormone ablation therapy, as 
a treatment to increase bone mass in men with 
osteoporosis at high risk for fracture, and for 
the treatment of glucocorticoid-induced osteo-
porosis in men and women at high risk of frac-
ture. In a recent study, Roodman and colleagues 
assessed the  efficacy and safety of denosumab 
for the prevention of skeletal-related events 
in patients with newly diagnosed MM [232]. 
Denosumab showed non- inferiority for the pre-
vention of skeletal-related events when com-
pared to zoledronic acid, the mainstay therapy 
for MM patients. This study also provided sug-
gestive clinical evidence of a potential anti-MM 
effect based on RANKL inhibition that requires 
further investigation. Based on these promising 
results, denosumab could soon become an addi-
tional option for the standard of care for patients 
with MM with bone disease. However, further 
studies are required to determine the specific 
contribution of osteocyte- derived RANKL to 
cancer-induced bone disease.

 Proteasome Inhibitors

The proteasome is involved in the rapid degra-
dation of proteins targeted with a chain of ubiq-
uitin marks [233]. Cancer cells, in particular 
MM cells, are sensible to proteasome inhibitors 
(PI) due to their high proliferation and high pro-
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tein synthesis rate. In fact, inhibition of the pro-
teasome in MM cells leads to cell cycle arrest 
and apoptosis [234]. Preclinical and clinical 
data demonstrated that in addition to inhibit-
ing tumor growth, PIs also affect the function 
of bone cells [235]. PIs decrease osteoclast for-
mation and resorption capacity by inhibiting 
RANKL production in osteoblastic cells and 
NF-κB signaling in osteoclasts [236]. Further, 
treatment with PIs also increases bone formation 
and bone mineral density [236]. More recently, 
it was reported that Bortezomib, a PI use in 
the clinic for the treatment of MM, decreased 
the elevated osteocyte apoptosis seen in bones 
infiltrated with MM cells [195]. Further, the ele-
vated circulating Sclerostin levels found in MM 
patients decreased by 50% after treatment with 
Bortezomib [237]. Together, these findings sug-
gest that osteocytes are possible targets of thera-
pies based on PIs; however, future studies are 
needed to determine if direct effects of PIs on 
osteocytes regulate their function and Sclerostin 
production.

 Targeting Notch Signaling 
in Osteocytes

Notch signaling plays a critical role in cell-to-
cell communication among bone and bone mar-
row cells under physiological conditions, and 
it favors growth and survival of cancer cells in 
bone. However, manipulation of this pathway 
results in different bone phenotypes depending 
on the Notch component (ligands, receptors, 
target genes), the cell lineage, or differentiation 
stage being targeted. In addition, the skeletal 
phenotypes of mice with alterations in Notch-
related genes result from combined develop-
mental and postnatal effects. In particular, the 
effects of Notch signaling in osteocytes remain 
conflicting. Overexpression of the intracellular 
domain of Notch receptor 1 (NICD1) in osteo-
cytes increases trabecular bone volume due to 
a decrease in osteoclast number, a phenotype 
that evolves as mice mature [114]. Surprisingly, 
conditional deletion of Notch receptor 1/2 also 
increases trabecular bone volume and decreases 
osteoclasts, [238]. Mechanistically, Notch sig-

naling in osteocytes increases OPG expression 
and activates Wnt signaling via activation of the 
Notch canonical transcription factors recombina-
tion signal- binding protein 1 for j-kappa (RBPJK) 
[238, 239]. To circumvent potential developmen-
tal issues induced by Notch signaling activation, 
Zaidi and colleagues conditionally activated 
Notch signaling in osteocytes in adult mice. 
Results showed that activation of Notch signal-
ing in this scenario increases bone formation and 
prevents both age-associated and ovariectomy- 
induced bone loss [240]. Further, Canalis and col-
leagues showed that PTH signaling in osteocytes 
decreases Notch signaling [241]. In contrast, it 
was recently reported that constitutive activation 
of PTH signaling in osteocytes and intermittent 
administration of PTH increase Notch signaling 
in bone [242]. Moreover, conditional deletion 
of RBPJK in osteocytes further increases the 
elevated bone resorption induced by PTH signal-
ing in osteocytes [242], suggesting that canoni-
cal Notch signaling in osteocytes restrains bone 
resorption and facilitates bone gain induced by 
PTH. Additionally, cell-to-cell interactions with 
MM cells activate Notch  signaling in osteocytes, 
which in turn results in osteocyte apoptosis 
[194]. Similarly, in vitro, osteocytes overexpress-
ing NICD1/NICD2 or cultured on plates coated 
with the Notch ligand DLL1 exhibited increased 
cell death [194], supporting that Notch signaling 
regulates osteocyte life span.

Pharmacologic inhibition of Notch signal-
ing also results in disparate outcomes. For 
instance, pharmacologic inhibition of the Notch 
ligand Jagged1 inhibits mineralization [240]. In 
contrast, inhibition of Notch signaling using a 
novel bone-targeted gamma secretase inhibitor 
increases bone mass by decreasing osteoclast 
number and bone resorption, without affecting 
the rate of bone formation. Indeed, bone-targeted 
inhibition of Notch preserves the increase in bone 
formation and enhances the bone gain induced 
by intermittent PTH administration [243]. The 
discrepancy of these genetic and pharmacologic 
approaches highlights the complexity of the 
Notch signaling pathway in bone and its cell- 
and context-dependent nature. Future research is 
warranted to define the specific effects of Notch 
 signaling in osteocytes and to determine the 
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effectiveness of targeting Notch signaling to treat 
skeletal diseases.

 Conclusions and Future Directions

Recent advances have provided compelling 
evidence supporting the notion that osteocytes 
are multifunctional cells that regulate skeletal 
homeostasis by controlling osteoblast and osteo-
clast activity (Fig. 3.1). Identification of some of 
the molecular mechanisms by which osteocytes 

control osteoblasts and osteoclasts provides the 
mechanistic basis to develop novel therapeutic 
approaches to treat skeletal maladies. Further, 
osteocytes, at least, in part, mediate some of the 
positive effects of common treatments for bone 
diseases (PTH, bisphosphonates, or sex steroids). 
In addition, now we know that osteocytes play 
a major role in several bone disorders, including 
those secondary to diabetes and the growth of 
cancer cells in bone (Fig. 3.1). Another emerging 
and exciting area of study is the potential role of 
osteocytes in the regulation of body composition 

Fig. 3.1 Actions of osteocytes and their derived factors 
in bone physiology and pathophysiology. Osteocytes 
regulate bone resorption and bone formation in response 
to both physical and hormonal stimuli through the secre-
tion of paracrine factors. Osteocytes express the anti- 
osteoclastogenic cytokine OPG and are the main source 
of RANKL in adult bone, an essential regulator of osteo-
clast differentiation and survival. Through the secretion 
of the Wnt antagonists Sclerostin and DKK1, osteocytes 
negatively regulate osteoblast differentiation and func-
tion. Osteocytes also influence distant organs via secre-
tion of circulating factors. Endocrine actions of 

osteocyte-derived FGF-23 regulate phosphate and vita-
min D homeostasis. In addition, emerging evidence sug-
gest that Sclerostin contributes to the regulation of 
whole-body composition and glucose metabolism. 
Importantly, the decrease in osteocyte life span and alter-
ation of their expression profile underlie the pathophysi-
ology of a number of skeletal disorders. Thus, secretion 
of several osteocytes-derived factors is dysregulated dur-
ing aging, when cancer cells grow in bone, by sustained 
high levels of blood glucose (DM), in osteoporosis, as 
well as in response to elevation of both endogenous and 
exogenous GC and PTH levels
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and energy balance (Fig.  3.1). Further studies 
are warranted to determine the specific contri-
bution of these cells to whole-body metabolism 
and whether osteocytes and their derived factors 
could be suitable targets for the treatment of met-
abolic diseases.

Despite the remarkable advance in our under-
standing of osteocyte function in the last decade, 
several important aspects of osteocyte biology 
remain unclear. For instance, it is evident that the 
life span and genetic signature of osteocytes are 
altered in bone diseases. However, the mecha-
nisms underlying these alterations and the con-
sequences for bone homeostasis are not fully 
understood. Future studies involving unbiased 
single-cell data analysis (RNA-seq, methylome, 
miRNAome, epigenomics) should provide a full 
landscape of the molecular changes leading to 
the dysregulation of osteocyte function and help 
to identify novel therapeutic targets. Further, part 
of the paucity of scientific data on osteocytes is 
due to the difficulties in isolating these cells from 
bone and maintaining in vitro their characteristic 
in vivo phenotype. The establishment of osteocyte- 
like cells and identification of promoters (Dmp1) 
driving genetic recombination in osteocytes have 
furthered our understanding of osteocyte func-
tion. However, these cell lines do not entirely 
reproduce the phenotypic features of fully differ-
entiated osteocytes, and the Dmp1 promoters can 
also target subpopulations of mature osteoblasts. 
Thus, future research efforts are needed to develop 
better in vitro and ex vivo models and new genetic 
tools to specifically target osteocytes in vivo. In 
conclusion, osteocytes play a major role on bone 
physiology and pathophysiology, and full under-
standing of the mechanisms by which they control 
osteoblasts and osteoclasts, and potentially other 
cells in distant organs, will increase the repertoire 
of pharmacological approaches towards better 
and safer treatments for bone diseases.
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Vitamin D and Bone Health: 
Basic and Clinical Aspects

Roger Bouillon and Michaël R. Laurent

 Introduction

Osteoporosis is defined as a structural deficit in 
bone mass and microarchitecture, which leads to 
decreased bone strength and increased fracture 
risk. The diagnosis of osteoporosis can be made 
in postmenopausal women or men aged 50 and 
older after they sustain a low-impact fracture, or 
when their bone mineral density (BMD) T-score 
is ≤2.5 SD compared to peak bone mass.

Osteoporosis is a disease with multifactorial 
origin. Indeed, many pathogenic mechanisms 
have been identified. The two most powerful 
clinical risk factors for osteoporosis are ageing 
and estrogen deficiency, particularly in women 
following menopause. Bone mass increases from 
birth to young adulthood (peak bone mass) and, 
thereafter, gradually declines with accelerated 
bone loss after menopause in women. A lower 
peak bone mass is thus a risk factor for osteo-
porosis later in life and, therefore, osteoporosis 
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4

Key Points
• Vitamin D, either from endogenous ori-

gin (under the influence of ultraviolet B 
(UVB) light) or from diet, is a precursor 
for 25-hydroxyvitamin D (25(OH)D) 
and the active hormone 1α,25- 
dihydroxyvitamin D (1,25(OH)2D), the 
ligand of the nuclear receptor vitamin D 
receptor (VDR).

• Correction of severe vitamin D defi-
ciency may restore intestinal calcium 
absorption and cure rickets and osteoma-
lacia, while correction of more moderate 
vitamin D deficiency may reverse sec-
ondary hyperparathyroidism and exces-
sive bone turnover in osteoporosis.

• Vitamin D and calcium supplements 
have a modest effect on fracture preven-
tion if they are used in a population with 
severe vitamin D deficiency and low 
calcium intake, particularly in the frail 
elderly at high risk of falls and fractures, 
and if they are taken compliantly, for 
example, in a nursing home setting.
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may have both genetic as well as environmental 
origins in childhood (see Chaps. 6 and 25).

Rickets is defined as a disorder of chondrocyte 
differentiation and mineralization of the growth 
plate as well as defective osteoid mineralization, 
caused by severe vitamin D deficiency and/or 
low calcium intake or absorption in growing chil-
dren [1]. Osteomalacia is the same disorder but 
after the epiphyses have fused, that is, a disease 
characterized by excess unmineralized osteoid. 
Rickets and osteomalacia are eminently prevent-
able and nutritional forms easily cured with even 
low doses of calcium and vitamin D [2].

There is no universally agreed definition of 
vitamin D deficiency. Serum 25-hydroxyvitamin 
D (25(OH)D) concentrations below 30  nmol/l 
are universally considered to represent severe 
vitamin D deficiency [3, 4] and, when present 
for sufficient time, generates a risk for rickets or 
osteomalacia. Most guidelines consider serum 
25(OH)D levels below 50 nmol/L as deficiency 
[3]. The Endocrine Society guidelines also define 
vitamin D deficiency as 25(OH)D < 50 nmol/L 
but introduce “vitamin D insufficiency” if con-
centrations fall between 50 and 75  nmol/L [5]. 
The US Institute of Medicine committee defined 
serum 25(OH)D concentrations below 30 nmol/L 
as a risk factor for rickets/osteomalacia and pro-
posed that 40 nmol/l would be sufficient for the 
median population requirements, whereas con-
centrations ≥50 nmol/L are sufficient for 97.5% 
of the normal human population. They also point 
out that secondary hyperparathyroidism occurs 
mainly when serum 25(OH)D concentrations 
falls below 40–50  nmol/L while intestinal cal-
cium absorption does not increase further when 
25(OH)D is above 20–50  nmol/L [6]. The role 
of vitamin D and/or calcium in peak bone mass 
acquisition or in middle life is less clear in epi-
demiological studies and randomized controlled 
trials (RCTs) since most long-term observational 
and intervention studies have focused on the role 
of vitamin D in the treatment of osteoporosis and 
prevention of fractures in older adults or the very 
elderly population.

We will first review the metabolism and 
actions of vitamin D in general. Next, we will 

provide an overview of the mechanisms of action 
of vitamin D on bone based mainly on preclini-
cal studies. Finally, we will review the potential 
contributions of vitamin D for the prevention or 
treatment of osteoporosis.

 Vitamin D Metabolism and Actions

 Vitamin D Photosynthesis 
and Absorption from Diet

The dual origin of vitamin D, which can be 
derived from either nutritional sources or from 
sunshine exposure to the skin, was discovered 
about a century ago when vitamin D was identi-
fied as the agent capable of curing or preventing 
rickets in children or animals [7–9].

Regarding nutritional sources, vitamin D is 
found mostly in oily fish or egg yolk and, in minor 
quantities, in some other food items (Fig.  4.1). 
Most dietary vitamin D has the vitamin D3 struc-
ture but vitamin D2 is also present in some plants 
(e.g., mushrooms exposed to ultraviolet B (UVB) 
light). The nutritional intake of vitamin D is how-
ever low (below 5  μg [=200   IU]/day) in most 
European countries except in Scandinavian coun-
tries where the population has a high consump-
tion of oily fish and/or cod liver oil [10]. Most 
other populations in the world have a low vitamin 
D intake unless food is regularly fortified with 
vitamin D (e.g., in the USA, Canada, India, and 
Finland [11]). Vitamin D from dietary sources is 
absorbed from the intestine by cholesterol-trans-
porting proteins. It then becomes incorporated 
into chylomicrons for transport via the lymphatic 
drainage to the bloodstream. Polar metabolites 
such as 25(OH)D and 1α-hydroxylated metabo-
lites are, on the other hand, absorbed via the portal 
venous system [12].

The epidermis of the skin is able to transform, 
by a photochemical reaction, 7- dehydrocholesterol 
(7DHC) into previtamin D and vitamin D when 
exposed to UVB light (280–310 nm). Most ver-
tebrates are able to synthesize vitamin D as long 
as they are exposed to UVB light and have suf-
ficient 7DHC in the irradiated cells. Felines (both 
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domestic and big cats) as well as dogs have such 
a low 7DHC concentration in their keratino-
cytes that they cannot synthesize vitamin D. For 
these species only, vitamin D is a true vitamin. 
Unfortunately, the same UVB light required for 
vitamin D photosynthesis also causes DNA dam-
age to the skin which may, albeit with a long lag 
time, result in photoageing of the skin and increase 
the risk of skin cancer, including the more aggres-
sive types like melanoma [13–15]. UVB light can 
thus be considered an oncogene. There is much 
debate on how to strike a safe balance between 
sufficient exposure to sunlight as to generate vita-
min D and avoidance of sunlight to decrease the 

risk of skin diseases. The conversion of previ-
tamin D into vitamin D is a rather slow process 
(hours). With even longer skin UVB exposure, 
previtamin D is paradoxically converted into inac-
tive vitamin D-related compounds. As a result, 
exposure of the skin for longer than 15–30 min 
does no longer increase the net vitamin D produc-
tion, while DNA damage nevertheless continues 
to accumulate [8]. Although previous studies have 
shown that prolonged sunbathing does not induce 
hypervitaminosis D, two recent case reports sug-
gest that this could be the case following exces-
sive tanning bed use (although this requires 
further controlled study) [16, 17].
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 Regulation of 25-Hydroxyvitamin D

The liver is the main tissue responsible for the 
conversion of vitamin D into a more polar metab-
olite, 25(OH)D.  CYP2R1 is the major enzyme 
responsible for the production of 25(OH)D. It is 
located in the cytoplasm and metabolizes vita-
min D2 and vitamin D3 equally well. The Km 
shows a low capacity but high affinity reaction. 
Homozygous deficiency of this enzyme causes 
(type 1B) vitamin D-dependent rickets in humans 
[18, 19]. Interestingly, there is spontaneous clini-
cal improvement in later childhood in this form 
of vitamin D-dependent rickets. Also in mice, 
biallelic mutations in Cyp2r1 cause a marked but 
not complete decrease in 25(OH)D, which does 
not cause rickets in such animals [20]. This led 
to the realization that CYP2R1 is not the only 
25-hydroxylase in the liver as at least mitochon-
drial CYP27A1 and possibly other microsomal 
cytochrome P450 enzymes are able to produce 
25(OH)D [21]. So far, CYP2R1 was considered 
to be constitutively expressed in the liver and 
not regulated. More recent data however suggest 
that obesity, diabetes, or fasting can decrease the 
expression of this enzyme and contribute to the 
lower serum 25(OH)D concentrations found in 
obese or diabetic subjects (or animals) compared 
with their healthy counterparts [22].

 Regulation of Active Vitamin D

25(OH)D is still a precursor that needs a sec-
ond hydroxylation step at carbon 1 to become 
the active hormone, 1α,25-dihydroxyvitamin 
D (1,25(OH)2D). There is only one enzyme, 
CYP27B1, capable of this metabolic activation. 
This enzyme is mainly expressed in the renal 
tubular cells and is under strict positive feedback 
control by parathyroid hormone (PTH) and nega-
tive feedback control by fibroblast growth fac-
tor 23 (FGF23). The 1α-hydroxylation enzyme 
is however also expressed at low levels in many 
other cells and tissues such as in keratinocytes, 
monocytes/macrophages and osteoclasts [23], 
glia cells, pancreas, testes, parathyroid cells, and 
bone cells of the osteoblast-lineage [24]. In these 
tissues, other factors (such as cytokines) regulate 

the enzymatic activities. It is generally believed 
that only the kidney exports 1,25(OH)2D into 
the circulation whereas extra-renal 1,25(OH)2D 
has only a local autocrine or paracrine action, 
except in pathological situations like severe sar-
coidosis and certain hematologic malignancies 
[25]. Congenital absence of CYP27B1 results in 
(type 1A) vitamin D-dependent rickets, as it can 
be prevented or cured by physiologic doses of 
1,25(OH)2D or by pharmacologic doses of vita-
min D or 25(OH)D (because 25(OH)D itself is a 
weak agonist for the vitamin D receptor (VDR)) 
[19, 26].

1,25(OH)2D has a much shorter half-life in 
serum (about 4  h) than 25(OH)D.  Catabolism 
of 1,25(OH)2D is mainly regulated by a single 
enzyme, CYP24A1, responsible for a multistep 
enzymatic conversion into 24R metabolites and 
finally calcitroic acid or lactones. CYP24A1 is 
expressed in many cells and is strongly upregu-
lated by 1,25(OH)2D in a negative feedback con-
trol loop. Absence of this enzyme severely impairs 
the degradation of 25(OH)D and 1,25(OH)2D 
and results in excess 1,25(OH)2D, hypercalce-
mia and kidney stones, or  nephrocalcinosis as 
demonstrated in animals and humans (idiopathic 
hypercalcemia of infancy or nephrocalcinosis/
nephrolithiasis in adults) [27–30].

CYP3A4 also degrades 25(OH)D, which may 
lead to severe vitamin D deficiency and even 
osteomalacia/rickets in patients treated with 
strong enzyme inducers such as rifampin or keto-
conazole [31]. Moreover, an activating CYP3A4 
mutation has recently been described as a novel 
(type 3) genetic form of vitamin D-dependent 
rickets [2, 32].

Overall, there are at least 50 known metabo-
lites of vitamin D (including 3epi-25(OH)D and 
1epi,25-(OH)2) but the biological activity (if any) 
of most of these metabolites other than 25(OH)
D and 1,25(OH)2D has not been fully evaluated 
[33]. However, 1,25(OH)2D is the most crucial 
metabolite as its absence alone causes rickets. 
Recently, however, delayed fracture healing was 
reported in mice lacking Cyp24a1 [34]. Indeed, 
24R,25(OH)2D binds to a specific membrane 
receptor FAM57B2 and thereby stimulates the 
synthesis of a matrix protein, lactoceramide. Mice 
lacking this membrane receptor displayed a simi-
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lar delay in fracture healing which could be cor-
rected by administration of lactoceramide but not 
by administration of 24R,25(OH)2D.  This dem-
onstrates that the physiological role of the many 
vitamin D metabolites is a topic of interest, and 
that the effects of the vitamin D endocrine system 
should also be explored in stress situations.

 Role of Vitamin D-Binding Protein

The vitamin D-binding protein (DBP or GC 
globulin) binds vitamin D (and all other vitamin 
D metabolites) and functions as a carrier or chap-
erone protein to transport vitamin D in the blood-
stream [35]. DBP influences the total 25(OH)D 
and 1,25(OH)2D concentrations in serum, whereas 
free or nonprotein-bound vitamin D is believed 
to be the main effector on target cells. Still, the 
clinical usefulness of measuring free 25(OH)D or 
1,25(OH)2D requires further study [35, 36]. One 
of the functions of DBP is to prolong the circu-
lating half-life of vitamin D metabolites and, 
thus, protect against vitamin D-deficiency during 
short-term deprivation [37]. 25(OH)D circulates 
in serum with a half-life of several weeks [38] due 
to its tight binding to DBP. There are three major 
variants of DBP, but despite many epidemiologi-
cal studies, there is no consistent evidence that 
genetic variation in DBP influences any outcome 
other than circulating 25(OH)D concentrations 
[39]. Mice with total absence of DBP develop 
normally and have a normal bone phenotype 
despite extremely low serum concentrations of 
25(OH)D and 1,25(OH)2D. This can be explained 
by their normal concentrations in serum and tis-
sues of free 1,25(OH)2D, in support of the free 
hormone hypothesis [40].

 Vitamin D Receptor Actions

The vitamin D hormone, 1,25(OH)2D, acts 
mainly by binding to its cognate nuclear recep-
tor, the vitamin D receptor (VDR). Nongenomic 
actions via binding to a putative membrane 
receptor have also been described, but the physi-
ological relevance hereof remains controversial. 
Ligand binding to the VDR induces conforma-

tional changes, which activate a complex reac-
tion of heterodimerization of VDR to retinoid 
X receptor (RXR), recruitment of cofactors, and 
binding to specific DNA sequences called vita-
min D response elements (VDREs). Although 
the sequence in which these events occur remains 
incompletely understood, it ultimately leads to 
enhanced or repressed gene transcription [41]. 
Homozygous VDR deficiency causes (type 2A) 
vitamin D-resistant rickets, which is almost 
always accompanied by alopecia. In rare human 
or primate cases of type 2B vitamin D-resistant 
rickets, there is functional incapacity of the VDR, 
possibly due to heterogeneous nuclear ribopro-
tein (hnRNP) overactivity, although the genetic 
basis of this disorder remains unknown [42, 43].

The genomic actions of 1,25(OH)2D regu-
late a very large number of genes and it seems 
that about 3% of the human, mouse, or zebra 
fish genome is modified (directly or indirectly) 
by 1,25(OH)2D. This is much more than poten-
tially needed for regulation of calcium, mineral, 
or bone metabolism. Early in the life of zebra 
fish, 1,25(OH)2D regulates up to 10% of its genes 
[44], and as in humans and mice, this includes 
many gene clusters related to cell proliferation, 
cell differentiation, immune function, and so on, 
whereas only a minority of the genes are really 
involved in calcium homeostasis. These and 
other preclinical and clinical data generated a 
plausible hypothesis that vitamin D, like many 
other nuclear receptor endocrine systems, not 
only regulates calcium and bone homeostasis but 
also has a wide variety of extra-skeletal actions. 
These extra-skeletal actions will not be discussed 
in this chapter but has been extensively reviewed 
recently elsewhere [4, 8, 45, 46]. 1,25(OH)2D 
also clearly shows nongenomic rapid actions in 
many cells but their molecular mechanisms and 
in vivo significance remain unclear.

 Vitamin D Actions on Calcium 
and Bone Homeostasis: Basic 
Biology

The action of the vitamin D metabolites on cal-
cium homeostasis is the result of its action in all 
tissues with intensive calcium transport such as 
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the intestine, kidney, and bone (and transiently 
also breast and placenta during reproduction and 
lactation) or calcium sensing tissues (parathyroid 
glands).

 Intestinal Calcium Absorption

In the intestine, 1,25(OH)2D upregulates the cal-
cium transport system. Specifically, it stimulates 
the expression of TRPV6, the major calcium influx 
channel, on the luminal side of enterocytes. This 
channel is constitutively open and 1,25(OH)2D 
regulates the number of these channels via several 
VDREs in its promoter (Fig. 4.2) [47].

Several intracellular calcium-binding pro-
teins (especially calbindin 9  K or CaBP9K) 
remove the calcium ions from the intracellular 
site of the TRPV6 channels to allow these chan-
nels to transport new calcium ions. CaBP9K is 
also strongly upregulated by 1,25(OH)2D and 
probably functions as a calcium shuttle between 
the mucosal and serosal site of the intestine. 
Deletion of CaBP9K however does not create 

a calcium/bone phenotype, suggesting that this 
protein is largely redundant [48]. Deletion of 
TPRV6 decreases the active intestinal calcium 
absorption and double deletion of both TRPV6 
and CaBP9K even further decreases the calcium 
absorption but a fraction of calcium absorption 
still remains 1,25(OH)2D-dependent [48], [49]. 
Finally, an energy (ATP) requiring step is the 
transport of calcium ions over the serosal mucosa 
of the intestine into the blood stream by the 
PMCA1b pump. Expression of this gene is mod-
estly stimulated by 1,25(OH)2D. Tissue-selective 
deletion of the PMCA1b pump has not yet been 
reported. However, based on available data, it 
seems likely that there is still a missing link in 
vitamin D-driven intestinal calcium absorption. 
1,25(OH)2D also stimulates paracellular calcium 
transport and the effect of vitamin D on clau-
dins may be related to this action [49]. Although 
the duodenum is considered a critical site for 
1,25(OH)2D-dependent regulation of intestinal 
calcium absorption, 70%–80% of ingested cal-
cium is actually absorbed in the distal intestine, 
and transgenic VDR overexpression in the distal 
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intestine also mitigates the rachitic phenotype of 
VDR knockout mice [50]. However, it should 
be noted that intestinal calcium absorption also 
occurs independent of vitamin D, which explains 
why (extremely) high-dose oral calcium supple-
ments (if tolerated) can be used to treat vitamin 
D-resistant rickets caused by homozygous VDR 
mutations [51].

 Effects of Vitamin D on the Kidneys, 
Placenta, Breast, 
and the Parathyroids

In the distal renal tubuli, 1,25(OH)2D stimu-
lates the expression of TRPV5 (the equivalent 
of TRPV6  in the intestine) and other intracel-
lular calcium transporting proteins including 
the sodium–calcium exchanger (NCX1) but to a 
relatively lower extent than in the intestine and 
compared to the direct effect of PTH.  The net 
result of 1,25(OH)2D is a stimulation of the rela-
tive reabsorption of calcium in the renal tubuli.

The placenta and lactating breast are major 
(net) calcium transporters during reproduction. 
Both tissues express VDR but transport of cal-
cium in these tissues is not strongly regulated by 
1,25(OH)2D [52]. The parathyroid glands also 
express VDR and CYP27B1. 1,25(OH)2D directly 
inhibits the synthesis and secretion of parathy-
roid hormone, independent from the extracellu-
lar calcium concentration. Selective deletion of 
VDR in the parathyroid gland results in modest 
secondary hyperparathyroidism which stimulates 
bone resorption markers. However, overall cal-
cium and bone homeostasis remains within the 
normal range in this genetic mouse model [53].

 Skeletal Target Cells of Vitamin D

All bone cells express the VDR and react to 
exposure of 1,25(OH)2D. This promotes mesen-
chymal precursor cell commitment to the osteo-
blast lineage and inhibits differentiation into the 
adipocyte lineage, at least in part via effects of 
VDR on the Wnt pathway [54]. In most in vitro 
experiments, 1,25(OH)2D inhibits the prolifera-

tion and stimulates the early maturation of (pre)
osteoblast. Its effect on final maturation stages 
is however disputed as in some experiments it 
inhibited, while in other studies, it stimulated 
mineral deposition (depending on species, culture 
conditions, or the maturation stage of the cells) 
[54]. Osteocytes also respond to 1,25(OH)2D, 
although it has a more selective cistrome in these 
cells [55]. It nevertheless strongly stimulates the 
transcription and secretion of RANKL (receptor 
 activator of nuclear factor kappa B ligand, a cru-
cial mediator of osteoclastogenesis) and FGF23, 
genes that are expressed more strongly in osteo-
cytes than in osteoblasts [55]. Osteoprotegerin, 
the decoy receptor for RANKL on the other 
hand, is suppressed by 1,25(OH)2D. 1,25(OH)2D 
is also a potent stimulus for osteoclastogenesis 
starting from monocytic precursor cells. The pro- 
osteoclastic activities of 1,25(OH)2D have been 
clearly demonstrated in the presence of osteo-
blasts. However, in the absence of osteoblasts or 
in osteoclast-specific Vdr or Cyp27b1 knock-out 
mice, 1,25(OH)2D has anti-osteoclastic activities 
[56], perhaps mediated by its action on c-Fos, 
interferon, HIF-1a, and S1PR2, a chemorepul-
sive receptor [57]. Although 1,25(OH)2D is a 
very strong inducer of osteoclastogenesis, its role 
in later stages of mature multinucleated osteo-
clasts is more disputed. Selective deletion of 
Vdr (but not Cyp27b1) in osteoclasts driven by a 
late-stage Cre promotor (cathepsin K) paradoxi-
cally generated a bone phenotype with loss of 
bone rather than the expected higher bone mass 
[56]. However, as we will discuss in the next 
paragraph, the effects of vitamin D on individual 
types of bone cells should not be considered in 
isolation.

 Understanding the Vitamin D 
Conundrum: Whole-Organism 
Physiology and Dose-Dependent 
Effects

When determining the effects of vitamin D on 
bone based on the previously mentioned and 
many other studies, one may reach apparently 
very different conclusions at first glance (which 
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are still however all correct!): there are data that 
vitamin D is good for bone and that vitamin D 
is neutral or redundant for bone, or bad for bone 
(Table 4.1).

These apparently paradoxical results can be 
explained by two factors. First, vitamin D may 
have unfavorable skeletal effects through its direct 
actions on some target cells, which may how-
ever be overruled by favorable skeletal effects via 
other target cells. For example, 1,25(OH)2D has 
the deleterious effect of inducing osteoclastogen-
esis in  vitro, while in osteocytes, it upregulates 
RANKL and mineralization inhibitors, and in 
osteoblasts or chondrocytes, Vdr deletion has been 
shown to produce counterintuitive, beneficial skel-

etal effects [68, 69]. However, other studies show 
that osteoblast- specific Vdr deletion has no effect 
[61] or that Vdr or Cyp27b1 overexpression in 
osteoblasts has favorable effects [59], and any of 
these effects would be superseded by the effects of 
vitamin D deficiency on intestinal calcium absorp-
tion and resultant hypocalcemia [67]. Surely, cell-
specific gain- or loss-of-function models have 
tremendously increased our understanding of the 
target cells of some of vitamin D’s actions inde-
pendent of systemic dysregulations like hypocal-
cemia. However, to define the net effect of the 
vitamin D endocrine system on calcium and bone 
homeostasis as a whole, it might be better to evalu-
ate the effects of global VDR (or CYP27B1) defi-
ciency or excess.

Second, however, even when one disregards 
the cell-specific models, different studies have 
still reached opposite conclusions. This part of the 
conundrum can be explained by dose and threshold 
effects. Indeed, like many other vitamins, a benefi-
cial effect can only be expected when correcting a 
deficiency, whereas a supraphysiological or toxic 
dose may have an opposite, counterproductive 
effect. For example, it is well known that BMD 
may rapidly and substantially increase if patients 
with severe nutritional or vitamin D-dependent 
rickets are treated with vitamin D.  Conversely, 
BMD gains can be observed with resolution of 
vitamin D intoxication [66].

In our current model of understanding of the 
whole-organism physiological effects of vita-
min D deficiency, the detrimental skeletal effects 
are determined by impaired intestinal calcium 
absorption. Indeed, the bone phenotype of intesti-
nal Vdr−/− mice is more severe than that of global 
Vdr−/− mice [67]. This would lead to the danger-
ous situation of hypocalcemia if not corrected by 
secondary hyperparathyroidism, upregulation of 
1,25(OH)2D, and compensatory stimulation of 
intestinal calcium absorption, renal calcium reab-
sorption, and net skeletal calcium efflux. In other 
words, because severe hypocalcemia would lead 
to muscle dysfunction, seizures, arrhythmias, 
coagulopathy, and other physiological catastro-
phes, the body tries to avoid this at the cost of 
skeletal integrity. Indeed, vitamin D is, in the first 
place, a plasma calcium- maintaining hormone. 
As such it can indeed be redundant: with intra-

Table 4.1 The vitamin D conundrum: the good, the bad, 
and the redundant effects of vitamin D on bone health

A. Vitamin D is good for bone
    Absence of 1,25(OH)2D or VDR impairs 

mineralization and causes rickets or osteomalacia
    Vitamin D can prevent or cure vitamin D-dependent 

or nutritional rickets/osteomalacia
    Vitamin D promotes osteoblast differentiation and 

bone mineralization in vitro
    Vitamin D inhibits mature osteoclasts and bone 

resorption directly [56]
    Mice with transgenic overexpression of Vdr or 

Cyp27b1 in osteoblasts have increased bone mass 
and strength [58, 59]

    Mice treated with daily doses of 1,25(OH)2D or its 
analogs show a marked increase in (mainly 
trabecular) bone mass due to suppressed bone 
resorption [60, 61]

B. Vitamin D is redundant for bone
    High-dose calcium supplementation can rescue the 

bone and mineral deficits in Vdr knock-out mice or 
patients with vitamin D-resistant rickets [62]

    Osteocyte-specific and some osteoblast-specific 
Vdr knock-out mice have a normal bone phenotype 
[49, 61]

C. Vitamin D is bad for bone
    Chronic and/or high-dose vitamin D impairs 

mineralization [63] and causes rickets/osteomalacia 
[60, 64] or induces bone loss [65, 66]

    High 1,25(OH)2D levels impair mineralization via 
Vdr in osteocytes [67]

    Vdr−/− bone cells show accelerated bone 
mineralization in vitro, and enhanced bone 
formation when transplanted in control animals

    Mice with conditional Vdr knock-out in osteoblasts 
[68] or chondrocytes [69] have increased bone mass 
with lower bone resorption; thus, vitamin D stimulates 
osteoclastogenesis and bone resorption [70]
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venous or very high-dose oral calcium, one can 
completely reverse the phenotype of VDR defi-
cient children or animals, while there is no skel-
etal benefit of vitamin D whatsoever if there is 
no intestinal calcium influx (e.g., if there is no 
calcium in the diet or if the intestine is compro-
mised) [67]. In less severe circumstances, for 
example, in elderly vitamin D-deficient subjects 
with poor dietary calcium intake and absorption, 
secondary hyperparathyroidism increases bone 
turnover which results in osteoporosis. The bone 
loss releases calcium, which, together with more 
efficient renal calcium handling, compensates for 
the lack of intestinal influx in the face of daily 
obligate calcium losses. Interestingly, if calcium 
absorption is more severely compromised as 
in rickets or osteomalacia, calcium is not only 
released by osteoclastic bone resorption, vita-
min D via the VDR in osteocytes also decreases 
mineralization and incorporation of calcium into 
bone [67]. Unfortunately, the same mechanisms 
can be activated by vitamin D intoxication, which 
can lead to hypercalcemia, osteoporosis, or even 
osteomalacia [67]. The latter is accomplished 
by 1,25(OH)2D upregulation of mineralization 
inhibitors including osteopontin as well as pyro-
phosphate synthesis (by Enpp1/3) and transport 
(by Ank) and downregulation of pyrophosphate 
degradation by bone alkaline phosphatase (Alpl) 
[67].

In summary, correction of severe vitamin D 
deficiency may restore intestinal calcium absorp-
tion and cure rickets and osteomalacia, while cor-
rection of more moderate vitamin D deficiency 
may reverse secondary hyperparathyroidism and 
excessive bone turnover in osteoporosis. If vitamin 
D-dependent calcium influx is however bypassed, 
vitamin D becomes redundant, while at pharma-
cological to toxic doses, vitamin D promotes bone 
resorption and suppresses mineralization.

 Clinical Applications of Vitamin D 
for Bone Health

An important distinction has to be made between 
the benefits of vitamin D and calcium for rickets 
and osteomalacia (which are clearly accepted), 
versus their role in bone development in utero, 

in children, in peak bone mass acquisition and 
in midlife, all of which remain unclear, and for 
osteoporosis in menopausal women and the 
elderly, where it probably plays a role, although 
a modest one.

 Vitamin D and Calcium Supplements 
for the Treatment of Rickets 
and Osteomalacia

Nutritional rickets can either be due to severe 
deficiency of vitamin D, due to very low cal-
cium intake or absorption, or due to a combina-
tion of both factors [1, 2]. Thacher et  al. have 
shown in a randomized controlled trial (RCT) in 
Nigerian children with low nutritional calcium 
intake and moderate vitamin D deficiency that 
calcium alone or calcium combined with vitamin 
D had a superior effect compared to vitamin D 
alone on radiographic and biochemical healing 
of rickets [71]. This and other studies [72], [73] 
have used 300,000–600,000  IU i.m. of vitamin 
D3, which may be beneficial if compliance and 
oral absorption is poor. However, daily or weekly 
oral doses are probably equally effective [73–75] 
and recommended first-line regimens in current 
guidelines [1]. Interestingly, an RCT in children 
from Mongolia with very severe vitamin D defi-
ciency but without clinically overt rickets showed 
that daily oral vitamin D supplementation alone 
improved growth [76]. Importantly, another RCT 
in Nigeria showed that rickets can be cured with 
calcium alone [77]. These findings reinforce the 
notion that the culprit in rickets can be either low 
calcium intake itself [78] or vitamin D effects on 
intestinal calcium absorption, and that the best 
results can be expected with combination therapy 
or correction of the underlying deficit [72].

Although vitamin D- or calcium-deficiency 
osteomalacia is equally treatable by correction 
of the underlying cause and calcium−/vitamin 
D-supplementation based on clinical experience, 
only one randomized trial has demonstrated that 
vitamin D (in this case, alfacalcidol) efficiently 
corrects biopsy-proven hyperosteoidosis in 
osteomalacia in the elderly [79]. Only very few 
trials suggest BMD improvements with vitamin 
D and/or calcium supplements in adults at risk 
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for osteomalacia [80], [81]. In contrast, intesti-
nal calcium absorption falls dramatically after 
derivative bariatric surgery procedures, despite 
optimization of vitamin D status [82]. The iden-
tification and treatment of osteomalacia in the 
elderly and after bariatric surgery are clearly 
areas where more research is needed.

 Vitamin D Supplements for Optimal 
Peak Bone Mass

The role of vitamin D deficiency in newborns, 
children, and young adults outside of rickets and 
osteomalacia is less well established. 25(OH)
D < 50 nmol/L is common in pregnant and post-
partum women as well as in their newborns, 
particularly those who are exclusively breastfed 
and not receiving vitamin D supplements. Still, 
rickets is exceedingly rare in neonates because 
of efficient transplacental calcium transport 
[52], or infants, probably because of their high 
nutritional calcium intake. To better delineate 
the role of vitamin D deficiency in offspring 
bone health, the MAVIDOS (maternal gesta-
tional vitamin D supplementation and offspring 
bone health) trial recently randomized preg-
nant women to daily vitamin D3 1000 IU/day or 
placebo. This RCT found no difference in the 
primary outcome of neonatal whole-body bone 
mass, although there was an interaction by birth 
season and a significant effect on bone mass 
in winter-born babies [83]. A Cochrane meta-
analysis has shown that vitamin D supplementa-
tion does not influence BMD in children overall, 
although in children with circulating 25(OH)
D < 35 nmol/L, it resulted in 1.7% faster lum-
bar spine BMD gains (P = 0.04) [84]. Regarding 
intestinal calcium absorption, a recent RCT 
in children with baseline 25(OH)D values of 
70 nmol/L failed to show any effect of vitamin 
D doses ranging 0–4000 IU/day [85]. The long-
term results of the MAVIDOS trial and other 
studies are eagerly awaited, although it remains 
unknown (and perhaps impossible to ascertain) 
whether greater/faster bone gains during growth 
are clinically meaningful and prevent fractures 
during the life course.

 Role of Vitamin D and Calcium 
Supplements in Osteoporosis

As explained above, vitamin D deficiency at 
levels <40–50  nmol/L may trigger secondary 
hyperparathyroidism, whereas 1,25(OH)2D and 
intestinal calcium absorption only becomes com-
promised at concentrations below 30 nmol/L [6] 
and, in some studies, only as low as <15 nmol/L 
[86]. Gallagher et  al. have shown that in pre-
menopausal women with serum 25(OH)
D < 50 nmol/L, vitamin D supplementation did 
not influence calcium absorption [87]. In post-
menopausal women with 25(OH)D < 50 nmol/L, 
however, the same authors observed a linear 
increase in calcium absorption of up to 6% using 
daily vitamin D supplements up to 4800 IU/day 
[88]. Two other recent trials have shown signifi-
cant but very modest effect of vitamin D supple-
mentation on intestinal calcium absorption in 
postmenopausal women. In a 10-week study, a 
linear increase in calcium absorption after adjust-
ing for age, weight, and initial calcium absorption 
(P-trend  =  0.03) [89]. Another recent one-year 
RCT in postmenopausal women with 25(OH)
D < 75 nmol/L revealed that 50,000 IU vitamin 
D3 twice monthly increased calcium absorption 
by 1% (10 mg/day), whereas a 2% decrease was 
seen with 800 IU/day (P = 0.005 vs. high-dose) 
and a 1.3% decrease with placebo (P = 0.03 vs. 
high-dose). There were however no differences in 
BMD, muscle or functional outcomes, support-
ing the author’s conclusions that their threshold 
did not define clinically meaningful vitamin D 
insufficiency [90]. Still, one could speculate from 
these studies that the effects not only require a 
vitamin D-deficient population, but also a popu-
lation in which intestinal calcium absorption is 
compromised by factors such as ageing.

With regards to the effects of vitamin D and/
or calcium on BMD and fracture risk, there are 
numerous RCTs and meta-analyses available. 
Vitamin D supplements without calcium have not 
demonstrated significant skeletal effects in meta- 
analysis [91]. However, this may be because most 
populations were not vitamin D deficient; two 
recent RCTs found a significant effect on BMD 
in subjects with 25(OH)D < 30 nmol/L [92, 93]. 
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Furthermore, there is no evidence to support an 
effect of vitamin D or calcium to prevent frac-
tures in premenopausal women or in men [94].

Increased calcium intake from dietary sources 
or supplements, with or without vitamin D, has 
been found to produce significant 0.7–1.8% 
increases in BMD [95], [96]. However, this did 
not translate into a reduced risk of fractures 
overall [97]. Interestingly, the authors of this 
meta- analysis pointed out that “Only one trial 
in frail elderly women in residential care with 
low dietary calcium intake and vitamin D con-
centrations showed significant reductions in risk 
of fracture.” This trial by Chapuy et al. random-
ized women with a mean age of 84 years, which 
reduced hip fractures by 43% and nonvertebral 
fractures by 32% at 18 months [98], and effect 
that was mitigated but maintained at 3 years [99]. 
This contrasts with the results from the RECORD 
trial, in which calcium-, vitamin D- or combined 
supplements did not reduce any fracture outcome 
compared to placebo, in ambulatory women or 
men aged ≥70 years with a previous low-trauma 
fracture [100]. However, compliance supple-
ment was problematic, in particular for calcium. 
This issue is confirmed by the Women's Health 
Initiative  (WHI) study, in which a significant 
reduction in hip fractures was only observed when 
patients who had stopped taking the supplements 
were censored [96]. Nevertheless, an increased 
risk of renal calculi was confirmed with combi-
nation supplements and later analyses—although 
still controversial—suggest a potential risk of 
adverse cardiovascular events with calcium [101] 
(but not vitamin D [102]) supplements.

So where does this leave us? Several meta- 
analyses concluded that vitamin D plus calcium 
resulted in a ±  15% relative risk reduction in 
hip and nonvertebral fractures [97, 103], [104]. 
However, these and other meta-analyses have 
clearly pointed out that the effect varies by set-
ting: a significant reduction by about 30% is 
observed in institutionalized elderly, whereas 
the effect was <15% and not strictly significant 
in community-dwelling elderly [105, 106]. The 
US Preventive Services Task Force concluded 
recently that there is no role for calcium and/
or vitamin D supplements to prevent fractures 

in community-dwelling adults without known 
vitamin D deficiency, osteoporosis, or prior 
fractures [94]. Still, there is probably a modest 
effect of vitamin D on fracture prevention in the 
elderly, which however requires (1) combina-
tion with calcium supplements, (2) targeting of 
a vitamin D-deficient population with poor cal-
cium intake and/or absorption, (3) targeting of 
an elderly (particularly 80 years and older), frail 
population at high risk of fractures, (4) compli-
ant use of supplements, and (5) avoidance of 
excessively high doses (which may increase 
the risk of falls and fractures, see the following 
texts) [4].

It is obvious yet important to emphasize that 
treatment of osteoporosis and prevention of 
fractures requires much more than just vitamin 
D and calcium supplements: many physicians 
still prescribe only these supplements (omitting 
effective pharmacologic osteoporosis treatment 
agents), which is clearly insufficient. Instead, 
guidelines on fracture prevention recommend 
identifying and treating reversible factors (e.g., 
smoking and alcohol use) and physical exercise 
(which probably also has myriad other health 
benefits). For those with high fracture risk, 
available antiresorptive or bone anabolic drugs 
reduce fracture risk much more efficiently than 
calcium and vitamin D supplements: by about 
20–70% (depending on whether hip, nonverte-
bral, or vertebral fractures are examined) [107]. 
Defining high fracture risk is beyond the scope of 
this chapter, but in patients without high fracture 
risk, we suggest correction of low calcium intake 
or vitamin D deficiency if present and even more 
importantly, nonpharmacological measures. In 
those with high fracture risk, we suggest consid-
eration of antiresorptive or bone anabolic drugs. 
In patients receiving these medications, we rec-
ommend correction of vitamin D deficiency by 
sunlight exposure or vitamin D supplements, 
and sufficient calcium intake (target: 1200–
2000 mg/day based on IOM guidelines [6]) pref-
erably from dietary sources but with addition 
from supplements if required [108], mainly to 
decrease the risk of hypocalcemia. In addition, 
most trials of osteoporosis drugs have used cal-
cium and vitamin D supplements in their control 
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arms. Correction of calcium and vitamin D defi-
ciency remains the first step in patients at risk 
for fractures, and combination of antiresorptive 
or bone anabolic drugs with calcium and vita-
min D supplements remains the standard of care. 
Nevertheless, some data suggest that antiresorp-
tive drugs are safe and equally effective with-
out calcium and/or vitamin D supplements in 
patients without vitamin D deficiency and with 
sufficient calcium intake from dietary sources 
and without other risk factors for hypocalcemia 
such as chronic kidney disease [109, 110].

Apart from its role in bone, meta-analyses 
suggest that daily vitamin D supplements may 
decrease fall rate in care facilities [111]; how-
ever, in community-dwelling elderly, data are 
limited and inconclusive [112]. Although these 
trials did not demonstrate lower fracture risk, 
it is clear that consideration should be given 
to correction of vitamin D deficiency in frail 
older fallers. However, several RCTs have now 
demonstrated increased risk of falls or a lack of 
effect [113] with high to very intermittent doses 
of vitamin D [114–116] suggesting that these 
regimens are best avoided. Some trials have also 
suggested beneficial effects of vitamin D on 
muscle outcomes [117]. Indeed, muscle weak-
ness is a known feature of rickets and osteo-
malacia, and there may also be a component 
in less severe calcium- and vitamin D-deficient 
situations as in the elderly. Furthermore, there 
is a need for mechanistic studies on vitamin D 
effects on muscle.

In summary, we can conclude that vitamin 
D and/or calcium supplements have the highest 
likelihood of having a modest positive effect on 
outcomes if they are used in a population with 
severe vitamin D deficiency and low calcium 
intake, particularly in the frail elderly at high risk 
of falls and fractures, and if they are taken com-
pliantly, for example, in a nursing home setting.

 Conclusions

Vitamin D, either from endogenous origin (under 
the influence of UVB light) or from diet, is a 
precursor for 25(OH)D and the active hormone 

1,25(OH)2D, the ligand of the nuclear receptor 
VDR. VDR activated by 1,25(OH)2D initiates a 
complex set of interactions with different pro-
teins and DNA sequences ultimately resulting in 
a wide variety of genomic actions. The actions 
of vitamin D on calcium homeostasis are mainly 
based on its activation of active calcium trans-
port across the intestine so that normal plasma 
calcium and phosphate concentrations allow 
a normal mineralization of osteoid and growth 
plate development. Absence of vitamin D or 
its subsequent metabolism or action results in 
rickets or osteomalacia. These diseases are still 
widely present around the world despite the fact 
that they are eminently preventable by low-dose 
vitamin D supplementation of common food 
sources.

In most circumstances, vitamin D is good for 
bone because of its direct actions on intestinal cal-
cium absorption, whereas its well-documented 
actions on all bone cells are largely redundant if 
calcium supply is guaranteed. In case of severe 
calcium deficiency or malabsorption of calcium, 
plasma calcium homeostasis is defended by 
systemic hormones including high production 
of 1,25(OH)2D.  Such high serum 1,25(OH)2D 
concentrations are capable of stimulating bone 
resorption and simultaneously inhibiting mineral 
deposition by enhancing the production of pyro-
phosphate and osteopontin, two potent inhibitors 
of mineralization. From an evolutionary stand-
point, this seems to be a clever strategy to use the 
calcium stores in bone as to avoid hypocalcemia 
and its severe consequences on muscle (cardiac, 
smooth, and skeletal muscles), nerve functions 
and coagulation, which could otherwise com-
promise survival. Once access to calcium can 
be restored, the excess osteoid can rapidly be 
mineralized and bone mass and strength can be 
restored.

There are still a number of questions such as 
(1) the full identification of all factors regulating 
calcium transport systems in the intestine, (2) the 
possible role of the many vitamin D metabolizing 
enzymes and metabolites other than 1,25(OH)2D, 
(3) the role of the vitamin D endocrine system on 
other tissues such as muscle, kidney, parathyroid 
gland, breast, and placenta, and (4) the physi-
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ological significance of nongenomic vitamin D 
actions. This review does not cover the poten-
tial effects of vitamin D on extra-skeletal health, 
many of which are biologically plausible but 
details of such actions and the underlying mecha-
nisms are still missing, especially their validation 
in rigorous RCTs in humans. The most burning 
issue however is probably how to measure vita-
min D status and what level defines deficiency for 
multiple outcomes.
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Basic Aspects of Bone 
Mineralization

Paul Roschger, Barbara M. Misof, 
and Klaus Klaushofer

 Processes of Bone Mineralization

The majority of the presented results of bone 
mineralization and its distribution in this book 
chapter will have its focus on lamellar bone, 
which is formed by the concerted action of osteo-
blasts and deposited on a preexisting bone sur-
face, which can be either freshly resorbed 
(remodeling) or resting (modeling). Four of such 
surfaces can be distinguished: trabecular, intra-
cortical (osteonal), periosteal, and endosteal bone 
surfaces. There is some evidence that the miner-
alization processes might be somewhat different 
at these surfaces, as there are important differ-
ences in either cell activities or in mineral trans-
port distances at these bone sites [1]. Noteworthy, 
differences of mineral and matrix properties 
between periosteal and intracortical surfaces in 
humeri of macaques were found recently by 
Raman microspectroscopy [2].
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Key Points
• The regular mineralization of the bone 

matrix seems not only to require the 
proper composition and structure of the 
organic matrix together with the pres-
ence of sufficient calcium (Ca) and 
phosphate but also cellular activity for 
mineral transport, deposition, and 
removal of mineralization inhibitors.

• Mineralization of the bone matrix 
occurs in two phases of different time 
scales, which are a fast primary and a 
slower secondary phase reflecting the 
nucleation and growth of the mineral 
particles in length, width, and 
thickness.

• Due to the ongoing activity of the bone 
cells and the time course of mineraliza-
tion of newly formed bone matrix, bone 
is a spatially and temporarily heteroge-
neous material revealing a specific pat-
tern of mineralization which is also an 
important determinant of bone material 
stiffness/elasticity.

• Deviations in the mineralization pattern 
due to alterations in bone turnover and/
or mineralization kinetics measured in 
the bone biopsy sample from the patient 
provide important information for the 
clinician about underlying pathophysi-
ology, interpretation of densitometry 
data, treatment decision and monitoring 
as well as fracture risk assessment.
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In all these cases, mineralization is associated 
with a clear mineralization front extending to the 
entire surface of a forming bone packet or osteon 
up to a length of several hundred microns. This 
transition zone between nonmineralized matrix 
and the area where mineral accumulation takes 
place can be visualized by fluorescence labeling 
techniques.

However, mineralization processes as occur, 
for example, in de novo bone formation such as 
in membranous and endochondral ossification 
might be different. Nonetheless, as many of the 
observations of the first events in mineralization 
were made, in particular, in embryonic/fetal bone 
from animals, we also address these results from 
nonlamellar bone.

 Early Events of Mineralization: 
Mineral Nucleation

The prerequisite of bone matrix mineralization is 
a microenvironment of a highly supersaturated 
solution of calcium and phosphate ions (Pi) of a 
proper ratio enabling the spontaneous nucleation 
and following growth of bone mineral hydroxy-
apatite (HA) crystals. Thus, the systemic as well 
as the local Ca++ and phosphate ion (Pi) homeo-
stasis is of crucial importance of adequate bone 
matrix mineralization.

Furthermore, the proper composition and 
organization of the organic bone matrix is impor-
tant for its regular mineralization. Collagen type 
I is the main component of the organic matrix. It 
is a helical polypeptide which consists of two 
identical alpha 1 chains and one alpha 2 chain. 
This collagen matrix is formed by the osteoblasts 
and has to undergo a variety of intracellular and 
extracellular modifications before and after it is 
released from the osteoblast to form fibrils and 
fibers. In particular, investigation of the patho-
genesis in brittle bone disease osteogenesis 
imperfecta has contributed to the understanding 
of the importance of these intra- and extracellular 
processes, including the formation of the colla-
gen alpha-helices, their proper folding to triple- 
helices, the formation of fibrils, and later 
mineralization [3–6]. After collagen is released 

from the osteoblasts, the collagen molecules 
form fibrils of a quasicrystalline structure in a 
self-assembling process with the collagen mole-
cules arranged in a staggered pattern such that 
there is a 35 nm gap between the termini of col-
linear molecules [7, 8]. This staggering results in 
a pattern of alternating gap and overlap zones in 
the collagen molecules causing the electron con-
trast differences in transmission electron micros-
copy (TEM) images, which are visible by light 
and dark bands in the images [9, 10].

Before mineralization starts, the newly formed 
matrix (osteoid) seems to require some modifica-
tions known as the osteoid maturation, which lasts 
about 15 days in a healthy individual [11]. It is 
assumed that during this time, the organic matrix 
is transformed to provide a scaffold or framework 
for mineral deposition by the formation of colla-
gen cross-links. Moreover, specific collagen resi-
dues were identified which might be suited to act 
as nucleation centers and might play an important 
role in onset and progression of mineralization 
[12]. However, collagen alone is not sufficient to 
drive organized mineralization; rather, specific 
non-collagenous proteins are needed which might 
act as nucleators. Candidates for these are pro-
teins from the SIBLING (small integrin-binding 
ligand, N-linked glycoprotein) family, including 
matrix extracellular phosphoglycoprotein, osteo-
pontin, dentin matrix protein 1, and bone sialo-
protein. These proteins were reported to attract 
the mineral and to control growth; however, the 
same molecules might also inhibit mineralization 
[13, 14]. The presence and activity of alkaline 
phosphatase, which transfers pyrophosphate (PP) 
to phosphate ions (Pi) was found to be crucial for 
mineralization [15]. Depending on the ratio of PP/
Pi, PP can act as initiator or inhibitor of mineral-
ization [16, 17]. In a patient with hypophosphata-
sia (HPP) and chronic kidney disease-mineral and 
bone disorder (CKD-MBD), for instance, osteo-
malacia, together with high levels of pyrophos-
phate, was observed at the bone surface [18]. This 
suggests that pyrophosphate is blocking the onset 
of mineralization [18].

It is still not fully understood how the large 
amounts of mineral (or its components) are trans-
ported to the mineralization front, where they 
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need to be quickly disposable. However, there is 
strong evidence that, apart from the properties of 
the organic matrix, the bone cells play a direct 
role in regulation of the mineralization process 
[19, 20]. It is known that the osteoblasts’ differ-
entiation to osteocytes is intimately linked to the 
mineralization process [20, 21]. Cryo-TEM stud-
ies revealed matrix vesicles containing calcium- 
phosphate particles in blood vessels and in large 
amounts close to the forming bone surface in 
growing bone from an animal model [22]. This 
suggests that bone-derived exosomes (i.e., matrix 
vesicles) might not only transport a variety of dif-
ferent cell proteins to the extracellular matrix 
[23] but might also be a carrier for mineral. Such 
a transport mechanism would have the advantage 
to prevent any ectopic mineral precipitation in 
other tissues (e.g., blood vessels) and to carry the 
mineral to the place in bone where it is actually 
needed [22]. Matrix vesicles have been discov-
ered already in the 1960s in connection with the 
mineralization of cartilage [24]. It is assumed 
that these matrix vesicles are released from cells, 
which have taken up large amounts of calcium 
and phosphate ions in their mitochondria. 
Calcium- and phosphorus-containing mineral 
aggregates were found in mouse osteoblast mito-
chondria [25]. Others showed that the intracellu-
lar mineral granules consist of disordered calcium 
phosphate, which is metastable and might serve 
as a potential precursor of carbonated hydroxy-
apatite [26]. Thus, the formation of mineral crys-
tals seems to start already within the cells in the 
endosomes, which are subsequently released 
from the cell in exosomes [27]. However, it is 
still unknown how the vesicles are broken up and 
how their mineral content is transferred to the 
collagen. Furthermore, it has not been shown yet 
that this transport mechanism also plays a role in 
the mineralization of the lamellar structured oste-
oid in human bone.

The nature of the initial mineral deposits in 
the mineralization process is still under debate, 
while that of mature bone is relatively well known 
as a type of carbonated hydroxyapatite. 
Mineralization takes place in hydrated collagen, 
thus, the local degree of water content might play 
also an important role. Transient densification 

stages of mineral were observed, such as a “dense 
liquid” phase and prenucleation clusters that 
form within it [28]. Transient precursors includ-
ing amorphous calcium phosphate or octacal-
cium phosphate have been discussed for the 
initiation of biological apatite while others sug-
gest that bone mineral is initiated via a very 
small, poorly crystalline, highly substituted 
hydroxyapatite (HA) mineral [29]. Both, either 
the existence of transient precursors [30] or the 
increase in apatite crystal size and crystallinity 
[31], might explain the differences between 
newly formed and mature bone apatite including 
chemistry, size, and solubility [29].

There is an ongoing discussion about where 
the mineral depositions occur within the bone 
matrix. As the striations of the collagen overlap- 
gap pattern can be also seen in mineralized tis-
sues [9, 32, 33], it is assumed that the mineral is 
associated with this pattern. Using results from 
the mineralizing tendon, it was supposed that 
mineralization starts within the gap zones and the 
majority of mineral is located there [34, 35]. It is 
believed that adjacent gaps of the collagen are in 
contact with each other forming extended grooves 
which are filled by mineral [36]. During ongoing 
mineralization, the mineral particles might also 
grow beyond this space, form a continuous cross- 
fibrillar phase [37], and are also found associated 
with the fibrillar surface [38]. However, the dis-
tribution of mineral between intra- and extra- 
fibrillar spaces is somewhat controversial. While 
intra-fibrillar mineral might represent the bigger 
part and extra-fibrillar mineral the smaller por-
tion of the overall mineral [39], an alternative 
model has also been discussed where most of the 
mineral is located in so-called “mineral lamellae” 
which are mineral-plates between adjacent col-
lagen fibrils [40]. In any case, mineral in the 
inter-fibrillar space was suggested to be mechani-
cally important as a component of “the glue” 
forming the connection between the mineralized 
collagen fibrils [41].

Generally, the mineral crystals (or particles) 
can be visualized individually by TEM [37, 42], 
atomic force microscopy (AFM) [43], or can be 
characterized as an average of several thousand 
to millions crystals by scattering techniques [44]. 
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Scanning small-angle X-ray scattering (SAXS) 
together with scanning wide-angle X-ray scatter-
ing (WAXS) allows us to measure the length, the 
thickness, as well as the orientation of mineral 
particles [44]. In human bone, these types of 
measurements revealed mineral particle dimen-
sions of approximately 15–200 nm with a thick-
ness of 2–7  nm [45–47]. Furthermore, these 
studies have shown that the mineral particles are 
oriented by the collagen fibrils with the long axis 
of the platelets parallel to the long axis of the col-
lagen fibril [48–50].

 The Increase in Mineral Content: 
The Fast Primary and the Slow 
Secondary Phases

Once mineralization has started in the osteoid, 
the mineralization front proceeds with a certain 
speed toward the osteoid surface (termed mineral 
apposition rate (MAR) in histomorphometry) 
while osteoblasts still deposit new bone matrix. 
MAR is about 0.6 mm per day in cancellous bone 
and a somewhat higher in cortical bone [51, 52]. 
In addition to this spatial propagation of mineral 
in the bone matrix, mineral accumulation takes 
place with time within each mineralizing volume 
element of bone. This increase in mineral content 
thereby occurs with changing mineralization 
rates resulting in a specific time course of miner-
alization (“mineralization kinetics”). Likely the 
latter is not a natural constant, but it might vary 
with different conditions such as health or dis-
ease, skeletal site, individual’s age etc. [53–56].

Until now, it is not possible to follow the accu-
mulation of mineral directly in a specific bone 
volume in humans as this would require repeated 
in vivo measurements in the identical bone vol-
ume element. However, attempts to measure the 
mineralization kinetics in small animals (mice) 
were done recently based on micro-computed 
tomography (μCT) imaging [57, 58]. As the min-
eralization front in the osteoid is moving with a 
certain speed, it is possible to obtain indirectly 
the time course of mineralization by using tech-
niques allowing to measure the mineral content 

of bone volume elements in a spatially resolved 
manner with increasing distances (i.e., with 
increasing tissue age) from the mineralization 
front in bone samples. A first rapid increase (pri-
mary mineralization) and a subsequent slowdown 
of increase (secondary mineralization) in mineral 
content up to a final plateau level have been 
observed by analyzing line profiles of mineral-
ization perpendicular to the mineralization front 
(Fig. 5.1) [59–64]. Such a biphasic behavior of 
mineralization rates might be explained by the 
following hypothetical scenarios: From a physi-
cal/chemical viewpoint, during the primary fast 
mineralization phase, the nucleation and the 
growth in predominantly two dimensions of the 
mineral particles may occur as well as single 
mineral clusters may be formed, which are subse-
quently fusing together. In the secondary slow 
mineralization phase, mineral particles are grow-
ing mainly in thickness and fusing more com-
pletely together. From the viewpoint of bone 
cells activity, the primary mineralization might 
occur essentially by the action of the osteoblasts 
which produce the matrix vesicles for supplying 
rapidly the mineral components in this initial 
phase of mineralization, while in the secondary 
phase, the mineral components might be trans-
ported by the osteocytic lacunar-canalicular net-
work [65].

In principle, the secondary mineralization 
process leads to a positive correlation between 
mineralized bone tissue age and mineral content. 
Thus, apart from the cement lines (which differ 
in their organic matrix from the other bone tissue 
and are generally highly mineralized [66, 67]), 
the highest mineral content is generally found in 
the oldest tissue which is interstitial bone as a 
remnant from bone remodeling. However, also 
in osteonal cortical bone, more highly mineral-
ized areas can be observed in the center of the 
osteon (adjacent to the Haversian canals) com-
pared to that in its periphery [32, 68, and own 
observation]. This observation might either be 
due to a passive deposition of calcium and phos-
phate ions near to the Haversian canal or it might 
also indicate the presence of a tertiary mineral-
ization process at least in cortical bone. This 
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Fig. 5.1 A bone- forming site of trabecular bone—  – 
scanning electron microscopic images acquired with a 
pixel resolution of 0.57  μm. (a) Backscatter electron 
image with special contrast setting showing all the miner-
alized matrix in black (not distinguishing between differ-
ent mineral content) while the differences in grey gray 
level reveal the soft non-mineralized tissue embedded in 
PMMA (bone marrow). Black empty arrows point to 
lamellar osteoid, whereas black solid arrows point to pre- 
osteocytes (osteoid osteocytes). (b) The same site shown 
by the backscatter electron image with a calibrated con-
trast setting for quantitative backscatter electron imaging 
(qBEI) [63]. The grey gray levels are correlated with the 
local mineral content (the brighter the higher the mineral 
content). Bone packets of different gray levels can be seen 
within the trabecular feature. The newly forming ones at 
the surface have the lowest gray levels. White star indi-
cates old interstitial bone. Dotted lines are indicating the 
borderline of the osteoid as seen in (a). Dashed lines are 
indicating the position of the fluorescence bands of tetra-
cycline double labeling of the moving mineralization 
front (dynamic indices of bone formation) as obtained 
from (c). The white bars, perpendicular through the min-
eralization front, indicate the regions where mineraliza-
tion line profiles were analyzed as shown in (d). (c) 
Corresponding confocal laser scanning microscope image 
from the identical block surface as in (a) and (b): Parallel 
running fluorescent double labels are visualized. In this 
case, the distance between the labels corresponds to 12 
days and the position of the second label (latter time 
point) corresponds to 6.5 days before biopsy. (d) 
Mineralization line profiles pooled from the four regions 
indicated in (b) (bars): X-axis at zero position indicates 
the onset of mineralization (i.e., the mineralizing front). 

Red, regression line from data with circle symbols show-
ing the fast primary mineralization phase (steep slope). 
Blue, regression line from data with triangle symbols 
showing the slow secondary mineralization phase (flat 
slope); gray square symbols indicate the data not included 
in the regression analysis. The intersection point of both 
regression lines defines the calcium concentration at the 
transition from primary to secondary mineralization 
(CaTURN, 18.5 wt % Ca). The empty arrow indicates the 
position in the center of the two fluorescent labels and cor-
responds to a tissue age of 14  days. Note, the labelled 
areas are already in the secondary phase and their corre-
sponding Ca-content mirrors the level of early secondary 
mineralization named CaYOUNG, (at 20 wt % Ca,) in con-
trast the level of the oldest bone reflects the interstitial 
bone (star in (b)) named CaOLD (at 25 weight % Ca). 
Consequently, the secondary mineralization varies from 
20 to 25 wt % Ca corresponding to its tissue age. (e) Bone 
mineralization density distribution (BMDD) deduced 
from image (B). The five derived BMDD parameters are 
indicated: CaMEAN, the average degree of mineralization, 
obtained from the integrated area of the BMDD curve; 
CaPEAK, the position of the peak indicating the most fre-
quently (typical) calcium concentration within the sam-
ple; CaWIDTH, the width at half maximum of the BMDD, a 
parameter for the heterogeneity of mineralization, CaLOW, 
the percentage of areas with low (below 17.68 weight %) 
mineralization reflecting areas undergoing primary miner-
alization; CaHIGH, the percentage of areas with high 
(beyond 25.30 weight %) mineralization. These cut-off 
levels were established using the normative cancellous 
BMDD (see Fig. 5.2), and correspond to the 5th and 95th 
percentiles of calcium concentrations.
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additional mineral seems to be added later to the 
level reached by secondary mineralization. 
There is some evidence that this phenomenon is 
associated with the higher density of osteocytic 
canaliculi found in the central area of the osteons 
[69, 70].

It is widely accepted that the mineral accumu-
lation in the organic bone matrix is accompanied 
by the replacement of the free water present in 
the matrix [71]. For instance, this is confirmed by 
vibrational spectroscopy studies on plastic (poly-
methylmethacrylate, PMMA) embedded bone 
samples showing a clear decrease in the PMMA 
vibrational peak in tissue areas of increasing 
mineral content/tissue age [72, 73]. Since during 
the embedding process PMMA substitutes for the 
water in the sample, the PMMA peak is repre-
senting indirectly the water content and mirrors, 
therefore, also the nanoporosity of the bone 
material. According to experimental data on lat-
eral spacing of the collagen molecules (1.1 nm in 
dry, 1.55 nm in wet, and 1.25 nm in mineralized 
bone conditions) in combination with theoretical 
model considerations, the collagen fibril could 
theoretically take up to a maximum of 56 vol% 
(volume percent) mineral corresponding to 30 wt 
% (weight percent) Ca until all the free water is 
replaced [74, 71]. However, in human bone, a 
maximum mineral content of only around 25 to 
27 wt% Ca is found [75], which is consistent with 
the aforementioned 1.25  nm collagen spacing 
found for bone. Interestingly, this means that in 
reality, the mineralization seems to be limited by 
additional mechanisms and not only by the avail-
able space within the fibrils and moreover that 
water is still present in fully mineralized bone (in 
particular collagen-bound water [76, 77]). There 
is evidence that the number of nucleation centers 
for the mineral crystals and their growth to final 
size might be the determinant of the final level of 
mineral achieved in bone [78, 79]. An example 
where this was demonstrated is bone in osteogen-
esis imperfecta. In this disease, an increased 
degree of mineralization compared to healthy 
bone was observed [80–82]. First, this was linked 
to the higher amount of water present in the 
defective collagen which could be replaced by 
mineral during mineralization processes [81]. 

However, the degree of mineralization was 
increased independent of whether the patients 
had structurally aberrant collagen (qualitative 
mutation) due to the underlying collagen muta-
tion or only a reduced quantity of structurally 
normal collagen (quantitative mutation) [55]. 
This points rather toward a scenario, where the 
number of nucleation centers might be a crucial 
determinant of the final bone mineral content 
[80]. Indeed, the results from X-ray scattering 
experiments gave evidence for normal-sized 
crystals in osteogenesis imperfecta suggesting 
that the higher bone matrix mineralization is 
achieved by more densely packed mineral parti-
cles [79]. In this context, it should be mentioned 
that the bone material has not to be considered as 
a nanocomposite material of two components 
(collagen and mineral), but rather than as a three- 
component system including water. Recent stud-
ies emphasized the tremendous role of the 
hydration status of the bone material on its 
mechanical performance [76, 77, 83, 84]. The 
more dehydrated the material is, the stiffer and 
less ductile are its properties. In the case of osteo-
genesis imperfecta, the increased mineral content 
as well as the reduced hydration of the collagen 
would explain the extreme brittleness of the 
material. It can be assumed that the level of about 
25 wt% Ca in normal healthy bone resulting also 
in a certain residual hydration of the matrix might 
provide optimal stiffness and ductility.

 Mineralization Distribution in Bone

The matrix mineralization pattern as seen in 
images such as Fig. 5.1b and the resulting min-
eralization distribution of bone can be consid-
ered as a kind of fingerprint of bone at the 
material level [85]. It reflects the history of bone 
cell activity, like conditions of low and high 
bone turnover rates as well as changes/abnor-
malities in the mineralization kinetics [86]. 
When visualizing bone material, for instance, in 
the backscatter electron mode of the scanning 
electron microscope, areas (so-called bone 
packets) with different gray levels can be seen 
(Fig. 5.1). These bone packets or bone structural 
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units (BSUs) were formed by osteoblasts during 
one bone formation cycle. Given the mineraliza-
tion processes as described above, the mineral 
content of bone is dependent on its tissue age. 
Recently formed BSUs have lower degree of 
mineralization than older ones. Consequently, 
the mineralization distribution depends strongly 
on the bone formation/turnover situation. If 
bone formation is high, many BSUs are formed; 
thus, a high percentage of the bone packets will 
have young tissue age and correspondingly low 
mineral content. This is the reason why growing 
bone from children has on average a lower 
degree of mineralization compared to bone from 
adult individuals [78, 87]. Additionally, in the 
case of high bone resorption, there is low chance 
that a bone packet will become old and will have 
accordingly high mineral content as the proba-
bility for resorption is high. Thus, in high bone 
turnover (high formation and resorption), the 
overall bone tissue age is low. Vice versa, when 
bone turnover is low, the tissue age will be high, 
and thus a larger percentage of higher mineral-
ized bone packets will be present [63, 88]. This 
pattern of mineralization can be described/
quantified by deduction of gray- level (Ca con-
tent) histograms from the microscopic images 
the so-called bone mineralization density distri-
bution (BMDD) (Fig. 5.1). For the measurement 
of the BMDD, spatially resolved techniques are 
necessary. Several methods with spatial resolu-
tion from few microns to submicron resolution, 
which make use of different physical mecha-
nisms, are available for this purpose (see in the 
following).

Before an overview of methods for the mea-
surement of the local mineral content and its 
variation in bone at the material level is given, the 
difference of the latter to the clinically (in vivo) 
measured bone mineral density (BMD) at the 
organ level by dual X-ray absorptiometry has to 
be mentioned. BMD is widely used as a surrogate 
measure of bone strength and is determined by 
the amount/volume of bone present and its mate-
rial density (the latter is dominated by the cal-
cium content). Hence, low BMD might be due to 
low bone volume or due to decreased bone min-
eral content or due to a combination of both. It is 

important to have this in mind when interpreting 
BMD data, in particular, for the evaluation of 
treatment effects [89].

 Measurement of the Mineralization 
Distribution

One important technique, which measures the 
mineral content of bone in a spatially resolved 
manner, is vibrational spectroscopy (infrared and 
Raman microspectroscopies). It makes use of the 
absorption or inelastic scattering of light (infra-
red light or laser light of different wavelength 
from infrared to ultraviolet, respectively) by the 
bone sample [90–93]. The chemical groups of the 
bone sample are not stationary but undergo twist-
ing, bending, rotation, and vibration causing 
absorption or inelastic scattering at specific 
wavelengths, which are characteristic for struc-
ture and environment of the molecules. Most 
commonly, the spectra are analyzed by measur-
ing a specific absorption peak height, peak areas, 
peak width, and calculation of the ratios of spe-
cific peak areas (e.g., mineral to matrix ratio). 
The strength of these spectroscopic techniques is 
that both basic components mineral and organic 
matrix can be analyzed, however, it usually can 
provide only relative amounts between these 
components.

Other methods utilize the attenuation of an 
X-ray beam by the sample. The oldest method is 
microradiography which measures the X-ray 
absorption in an about 100-μm-thick bone sec-
tions [94, 95] using either photographic films or 
in newer systems a digital detector [96]. The 
resulting gray levels on the film or the measured 
intensities on the detector reflect the X-ray inten-
sities transmitted through the bone slice and are 
evaluated by microdensitometric methods. The 
most modern technique is synchrotron radiation 
micro computed tomography (SR-μCT). It mea-
sures the X-ray absorption under different angles 
in similar concept as in computer tomography 
scanners in the clinic, however in contrast to the 
latter SR-μCT  analyzes the gray levels for infor-
mation on the bone mineralization [97, 98]. More 
modern techniques additionally combine the 
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information from X-ray tomography with phase 
retrieval (“holotomography”) which enhances the 
sensitivity of mineral content measurement [99].

A further frequently applied method is quanti-
tative backscatter electron imaging (qBEI or 
qBSE) which measures the intensity of the back-
scattered electron signal from the surface of a 
block bone sample [63, 100–102]. In bone, this 
signal is correlated to the local calcium content, 
which enables the calcium mapping of a sec-
tioned bone area.

In all methods, the result is a frequency his-
togram of pixels (or voxels) with different cal-
cium concentrations occurring in the sample, 
the so- called bone mineralization density distri-
bution (BMDD) derived from the acquired 
images (Fig. 5.1) [63]. Typically, the BMDD is 
normalized to the measured bone area (i.e., the 
area under the frequency histogram is 100%). 
The typical BMDD is similar to a bell-shaped 
curve, however, shows some asymmetry with 
higher portion of low than highly mineralized 
areas. In order to perform statistical analysis 
between different BMDDs, special parameters 
deduced from the BMDD were successfully 
introduced describing the mean, the most fre-
quently occurring and the variation in Ca con-
tent. Furthermore, the percentage of bone area 
with very low or high mineral contents is quan-
tified (Fig. 5.1).

The measurement of the BMDD requires bone 
samples. For scientific purposes, these can be dif-
ferent types of postmortem bone samples. 
However, commonly these are transiliac bone 
biopsy samples, which were primarily obtained 
for histopathologic examinations for the differen-
tial diagnosis or classification of bone diseases or 
as part of clinical trials to analyze treatment effects. 
The additional histologic/histomorphometric 
characterization of the biopsy is an enormous 
advantage as it enables to interpret the BMDD 
data in combination with histomorphometric data. 
In addition, these analyses can be combined (at 
defined anatomical locations) with other tech-
niques (such as Raman spectroscopy, scattering 
techniques, ultrasound microscopy, nanoindenta-
tion, etc.) to get detailed information on structure/
function relationship of the bone material.

 Bone Mineralization Distribution 
in Healthy Individuals

Trabecular bone was found to have a relatively 
low biological variation from early adulthood up 
to 100 years of age. The authors’ own reference 
BMDD (based on qBEI measurements) revealed 
a mean calcium concentration of 22.3  ±  0.45 
weight % Ca (mean ± standard deviation) mea-
sured in healthy individuals (Fig.  5.2) [103]. 
Comparison of the average degree of mineraliza-
tion in humans showed neither significant differ-
ences between skeletal sites (iliac crest, 
vertebrae, patella, femoral neck, or head), nor 
dependency on other biological factors such as 
sex and ethnicity. While small increases of aver-
age calcium concentration of cancellous bone 
with age were observed recently [104], other 
studies did not find such an increase with age 
[95, 103]. In any case, the merely small variation 
of the mineralization distribution of cancellous 
bone in healthy adult individuals (within an age 
range of about 25–100 years) made it possible to 
establish normative data which are the basis for 
comparison to bone mineralization in pathologi-

Fig. 5.2 BMDD in health and in examples of diseased 
bone: AdRef adult healthy reference of cancellous 
bone— – white dotted  line represents the mean of each 
histogram bin value and the gray band its standard devia-
tion from a cohort of 52 individuals [103], osteomalacia 
due to coeliac disease, pmOP postmenopausal osteoporo-
sis (high bone turnover) [128], Hypopara hypoparathy-
roidism post surgery [133], OI osteogenesis imperfecta in 
an adult patient due to mutation in the gene region respon-
sible for the C-terminal propeptide cleavage site of pro-
collagen [147].
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cal cases and after treatment (Fig.  5.2). 
Remarkably, despite these general small varia-
tions in healthy cancellous bone, the close rela-
tionship between bone turnover/formation and 
bone mineralization could still be detected. For 
example, in a cohort of healthy premenopausal 
women, the average degree of mineralization 
was negatively correlated with bone turnover 
(albeit within the normal range) and positively 
correlated with heterogeneity of bone matrix 
mineralization [105].

Normative BMDD data could also be estab-
lished in transiliac bone biopsy samples from 
children aged 1.5–20 years [87]. This is extremely 
helpful in detecting and describing rare diseases, 
which are associated with a bone phenotype 
[106–108, 79]. For the cancellous and cortical 
compartment, a mean and standard deviation of 
20.95 ± 0.57 and 20.31 ± 0.93 wt % Ca, respec-
tively, were found. This level of bone mineraliza-
tion is distinctly lower and its inter-individual 
variation is higher compared to adults, which can 
be explained by the higher bone formation rate 
and growths spurts in developing iliac crest of 
children.

All together the relatively constant mineral-
ization around 22 weight % Ca is likely indicat-
ing the existence of an ideal range in degree and 
heterogeneity of bone matrix mineralization in 
relation with the trabecular bone’s biological 
function and mechanical performance. Deviations 
in both directions, to lower and to higher miner-
alization densities, were reported to be associated 
with bone fragility [109]. Similar, heterogeneity 
of mineralization (and other properties such as 
lamellar orientation) has a consequence for the 
mechanical properties. Neither too little nor too 
much might be favorable as heterogeneity might 
hinder crack propagation while it might also 
facilitate crack initiation [110, 111].

Cortical compact osteonal bone, however, 
was found to show generally a higher average 
mineral content compared to cancellous bone. 
Additionally, differences in cortical bone miner-
alization itself also exist generally throughout 
the human skeleton [112]. However, it is remark-
able that to date, systematic studies on cortical 
bone mineralization are rather sparse, although 

cortical bone represents about 80% of the entire 
skeleton, and is thus considered most relevant 
for weight bearing and also bone fragility. Skull 
bone (e.g., mandibles) seems to be generally 
more highly mineralized as the femoral mid-
shaft or the cortex of the iliac crest [113]. Thus, 
intraindividual differences between cortical 
compartments and between cortical and trabec-
ular compartments of the skeleton seem to exist. 
As explained above, the mineralization distribu-
tion of bone is closely related to both the bone 
turnover rate and the mineralization kinetics. It 
is intuitively clear that bone volumes within the 
thick cortex might have less probability to be 
remodeled compared to those in the relatively 
thinner trabecular struts which are closer to the 
surface where bone resorption takes place. Thus, 
cortical bone is expected to have higher tissue 
age, because of reduced bone turnover rates, 
which is reflected by in average higher degree of 
mineralization. Indeed, this was found for bone 
at the femoral neck and midshaft compared to 
cancellous bone [112, 114, 75]. On the other 
hand, it was observed that bone mineralization 
is clearly related to loading demands in the fem-
oral neck, which might be accomplished by an 
adaption of the mineralization kinetics. Bone 
mineral content was found higher at the inferior 
compared to the superior region, which is pre-
dominantly loaded in compression, while the 
superior region is loaded in tension [114, 115]. 
Furthermore, the differences between cortical 
mineralization at femoral midshaft bone and 
cancellous bone might not be fully explained by 
the differences in bone turnover between these 
sites [56, 116]. This suggests that additionally to 
the variation in bone turnover, differences in 
mineralization kinetics among different skeletal 
sites and between cortical and trabecular bone 
might also exist due to the loading demands. 
Noteworthy, about 25% higher mineral/matrix 
ratios in human ossicles compared to femoral 
bone were reported albeit, it has to be mentioned 
that ossicles are not only comprised of lamellar 
bone but also woven bone and mineralized car-
tilage [117]. This high mineral content, how-
ever, can be considered as an adaptation to their 
function of sound transmission [117].
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It is remarkable that the two cortical plates of 
transiliac bone biopsy samples were found to be 
very similar in mineralization with that of the 
corresponding cancellous bone compartment 
[118]. Moreover, the degree of mineralization of 
cortical bone was strongly correlated with that of 
trabecular bone. Individuals with relatively 
higher cancellous bone mineralization also have 
higher cortical bone mineralization and vice 
versa, which suggests a tight coupling of bone 
turnover in these two compartments of the iliac 
crest. For this reason, one should be cautious to 
extrapolate the BMDD findings in the iliac crest 
to other cortical sites. In this context, it would be 
helpful to establish normative BMDD reference 
values for different fracture relevant skeletal sites 
in relationship to iliac cortical bone for fracture 
risk prediction.

 Mineralization Distribution 
in Diseased Bone

The aforementioned link between bone turnover 
and the mineralization kinetics with the bone 
mineralization distribution suggest that altera-
tions in the former processes have an impact on 
the latter mineralization distribution. In specific 
diseases, the bone mineralization distribution 
clearly follows the deviation in bone turnover 
from normal, that is, high turnover is associated 
with low tissue age and low mineralization densi-
ties and vice versa. In other cases, however, an 
altered time course and/or final level of mineral 
accumulation within each bone packet occurs.

Postmenopausal osteoporosis (pmOP) with 
high fracture risk (“fracture disease”) is one of 
the chronic diseases, which has been affecting a 
high portion of the elderly population with 
increasing incidence during the last decades 
[119]. To facilitate noninvasive diagnosis and 
assessment of fracture risk, osteoporosis is com-
monly diagnosed by low BMD according to the 
WHO classification. However, in a large portion 
of the patients, bone fragility is not attributable to 
reduced BMD.  Thus, changes in bone material 
quality, specifically bone matrix mineralization, 
might affect the mechanical competence of bone.

There seems to exist some variety in bone 
turnover abnormalities in pmOP [120–122]; 
however, usually women with pmOP are diag-
nosed with high turnover [123, 124]. High turn-
over, in particular, during perimenopause and the 
first years after decline of estrogens, together 
with the imbalance of bone formation and resorp-
tion is leading to gradual bone loss, and this alters 
the bone mineralization distribution in pmOP by 
decreasing the average degree and increasing the 
heterogeneity of bone matrix mineralization 
compared to healthy individuals (Fig.  5.2) 
[125–131].

In addition to these findings in pmOP, a close 
relationship of the bone mineralization distribu-
tion with bone turnover was observed also in 
other pathologic conditions. For instance, patients 
with hyperparathyroidism reveal high bone turn-
over and correspondingly low bone mineraliza-
tion densities [95, 132]. Vice versa, patients with 
hypoparathyroidism have suppressed bone turn-
over and increased matrix mineralization 
(Fig. 5.2) [133]. Low bone turnover and increased 
bone matrix mineralization were also reported 
for children with inflammatory bowel disease 
[134], for children after organ transplantation 
[135], and for young patients with chronic kidney 
disease and growth retardation [136], which were 
all associated with reduced bone formation and 
turnover. Deviations from normal bone mineral 
content and distribution were also described in 
association with increased bone fragility in sev-
eral investigations [114, 115, 137–139].

In contrast to the aforementioned examples, 
where the bone mineralization distribution fol-
lows the deviation in bone turnover from normal, 
there exist also pathological conditions where the 
change of bone turnover is not predictive for the 
mineralization distribution. Male patients with 
osteoporosis and premenopausal women with 
idiopathic osteoporosis, for instance, were 
observed to have low bone turnover but also a low 
degree of bone mineralization [105, 140–142]. 
These unexpected findings might indicate that 
either the mineralization processes are slower or 
the final level of mineralization is reduced in these 
patients. Such modified material properties per se 
might be caused by altered osteoblast function in 
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idiopathic forms of osteoporosis associated with 
differences in the organic matrix and the mineral-
ization kinetics thereof [141, 105]. The latter was 
also suggested for patients carrying COLIA1 Sp1 
polymorphisms with increased bone fragility and 
reduced and more heterogeneous matrix mineral-
ization [143].

Osteogenesis imperfecta is another example 
where the mineralization distribution does not fol-
low the aforementioned correlation with bone 
turnover [80]. Many forms of this genetic disease 
have been described so far, including those with 
mutations in the collagen genes (“classical 
forms”) and those more recently discovered hav-
ing mutations in genes encoding for proteins 
which are associated with extracellular modifica-
tion, cleavage of terminal endings, etc. While 
almost all of these forms are reported with high 
turnover [144], they have also in common an ele-
vated mineral content of bone which contributes 
to bone brittleness [80, 145]. However, the 
hypermineralized bone matrix might occur in par-
allel with hyperosteoidosis in new forms of osteo-
genesis imperfecta [146–148]. This indicates that 
the onset of mineralization in the osteoid is 
delayed, but once mineralization has begun, it 
goes up to higher levels than normal (Fig. 5.2).

Another group of patients are those whose 
calcium and/or phosphate homeostasis is highly 
disturbed due to calcium ions uptake deficiency, 
kidney disease (with impaired renal phosphate 
excretion), and/or phosphate wasting. Both Ca 
and phosphate deficiency lead to mineralization 
defects with highly mineralized bone matrix 
coexisting with only weakly mineralized and 
nonmineralized bone matrix (Fig.  5.2). Such 
mineralization defects might occur in cases of 
renal osteodystrophy in patients with chronic 
kidney disease (CKD-MBD) [136], as well as 
in fibroblast growth factor 23 (FGF23)-induced 
hypophosphatemia as, for example, in patients 
with X-linked hypophosphatemic rickets 
(XLH) [149] or tumor-induced osteomalacia 
[54]. In a child with XLH, the transiliac biopsy 
sample showed areas of unmineralized bone 
within the mineralized bone matrix giving bone 
a mottled appearance [149]. Also, the mineral-
ized bone matrix showed differences in the 

BMDD, revealing an increased frequency of 
bone areas with low calcium concentrations 
(i.e., low material density) in the patient’s 
biopsy sample. Furthermore, bone mineraliza-
tion abnormalities due to disturbance of cal-
cium and phosphate metabolism might occur in 
celiac disease [63]. Just recently a patient with 
Crohn’s disease and severe hypophosphatemic 
osteomalacia linked to iron substitution has 
been described (Fig. 5.2) [150].

Hypophosphatasia (HPP) which is caused by 
mutations in genes encoding for the tissue non-
specific alkaline phosphatase enzyme (TNSALP) 
is also an example where bone mineralization is 
disturbed [15, 151]. Clinically HPP is essentially 
identified by low serum alkaline phosphatase lev-
els and increased levels of alkaline phosphatase 
substrates (pyrophosphate and pyridoxal-5′-
phosphate). The deficiency of TNSALP activity 
leads to extracellular accumulation of its natural 
substrates including pyrophosphate which is a 
potent inhibitor of mineralization. The common 
radiographic finding in children with HPP is 
poorly mineralized bone [151, 152]. However, a 
huge range of severity in the phenotype has been 
described from lethal forms without mineraliza-
tion of the skeleton to adults who are virtually 
asymptomatic [153, 154]. In general, the pheno-
typic severity present is related to the severity of 
the inherited TNSALP mutation. Bone biopsy 
samples from adult patients revealed (depending 
on the severity of HPP) the presence of osteoma-
lacia and changes in the bone mineralization dis-
tribution [155].

Interestingly, there is strong evidence that 
bone matrix which has been nonmineralized for 
longer time in the aforementioned cases might be 
able to mineralize, if treatment is able to establish 
the proper Ca and Phosphate levels in the patient 
[18, 150]. The most impressive example are the 
children with HPP, who develop normally miner-
alized bone after alkaline phosphatase enzyme 
replacement therapy (asfotase alfa) which enables 
the mineralization of already formed bone matrix 
[152, 156]. So far, information on the mineraliza-
tion changes at material level due to enzyme 
replacement treatment was obtained in mouse 
models, where increases in tissue mineral density 
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were reported with treatment [157, 158]. Apart 
from enzyme replacement treatment, an interest-
ing observation was made in sequential biopsy 
samples from one adult patient with HPP 
(Fig. 5.3) [18]. In the first biopsy obtained from 
this patient, large unmineralized or poorly miner-
alized areas which showed diffuse fluorescence 
labeling were visible. In the later biopsy samples, 
this diffuse labeling was embedded in mineral-
ized bone tissue, further indicating that osteoid, 
which does not mineralize for longer periods, 

might also be mineralized as soon as an appropri-
ate environment exists and inhibitors of mineral-
ization are removed from the matrix [18]. In this 
context, the case of iron treatment-induced osteo-
malacia in a patient with Crohn’s disease should 
be mentioned as well [150]. The intravenous iron 
therapy induced a hypophosphatemia, which led 
to a severe osteomalacia as detected in the trans-
iliac bone sample and contributed to a progres-
sive decline of BMD (DXA). Cessation of iron 
therapy and the supplementation with phosphate 

a

b

Fig. 5.3 Mineralization of aged osteoid in sequential 
biopsy samples from a patient with hypophosphatasia and 
renal failure [18]: (a) (left): backscatter electron (BE) 
image of a trabecular feature of the first transiliac biopsy 
sample with history of alendronate treatment and tetracy-
cline labeling prior to biopsy: dashed white line indicates 
the border of the osteoid seam, which is visualized by 
confocal laser scanning microscopy (CLSM) of identical 

sample surface in a (right) as bright diffuse fluorescent 
region. (b) pair of BE (left) and CLSM (right) image of 
the second biopsy after stopping alendronate treatment 
(second biopsy without tetracycline labeling before). 
Diffuse labelled regions are now mineralized and embed-
ded in mineralized bone tissue formed later as indicated 
by the dashed lines in BE.
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was associated with a prompt positive response 
in BMD, which was likely due to filling of the 
osteoid matrix with mineral.

The examples mentioned above showed that 
information about the status of bone turnover in 
the individual is important for the correct inter-
pretation of bone mineralization distribution. 
When increases in bone turnover rates are not 
associated with low bone mineral content and 
vice versa, alterations in the mineralization kinet-
ics have to be taken into consideration.

 Bone Mineralization Distribution 
after Treatment of Osteoporosis

Treatment of osteoporosis aims to decelerate bone 
loss and/or to increase bone volume. The different 
mechanisms of action of anabolic or antiresorp-
tive agents (see Chaps. 12 and 14) are reflected in 
the typical changes in the distribution of bone 
mineralization accompanying the different types 
of treatment (Fig. 5.4) [159]. Noteworthy, during 
therapy, bone turnover/formation undergoes rapid 
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Fig. 5.4 The typical 
changes in BMDD of 
pmOP after treatment 
with calcium and 
vitamin D, RIS 
(risedronate) or 
PTH. Left column: 
examples of individual 
BMDD curves of paired 
biopsy samples before 
and after treatment. 
Right column: statistical 
analysis of BMDD- 
parameters CaPEAK and 
CaWIDTH of experimental 
groups before and after 
treatment [64, 128]. 
Bars indicate group 
mean values; error bars 
show standard 
deviations. Gray 
horizontal band 
indicates healthy adult 
reference data of 
cancellous bone (mean ± 
SD) [103]. The left bars 
show baseline values, 
and the right bars values 
after treatment.
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changes as shown by the significant changes in 
the biochemical bone markers. For instance, a 
sudden drop of the C-telopeptide of type I colla-
gen (CTX) and the intact procollagen I 
N-propeptide (P1NP) within as early as 1 week to 
few weeks depending on the type of bisphospho-
nate (BPs) was reported [160]. This rapid change 
pushes bone turnover and also the mineralization 
distribution out of an equilibrium stage making an 
observation of transient effects on the mineraliza-
tion distribution possible [161] as will be 
described for antiresorptive treatment.

 Treatment with Calcium 
and Vitamin D

Commonly, patients participating in a clinical 
trial receive calcium and vitamin D supplementa-
tion already before starting the active antiosteo-
porosis (or the placebo) treatment. However, the 
study design of the Vertebral Efficacy with 
Risedronate Therapy, North American trial 
(VERT-NA) and the Multiple Outcomes of 
Raloxifene Evaluation trial (MORE) provided an 
insight into the calcium and vitamin D effects in 
paired biopsy samples. Comparison of the bone 
matrix mineralization outcomes before and after 
treatment with calcium and vitamin D (and pla-
cebo) showed a shift to higher mineralization 
densities due to treatment [127, 128, 162]. The 
comparison of bone mineralization from the 
patients from the VERT-NA trial reference data 
revealed that these patients had undermineralized 
bone matrix at baseline [128]. This suggests that 
calcium and vitamin D deficiency alone is likely 
a cause of undermineralization, which can be off-
set by calcium and vitamin D supplementation 
(Fig. 5.4).

 Hormone Replacement Therapy

Treatment with estrogen or with selective estro-
gen receptor modulators (SERMs) provide skele-
tal benefits in postmenopausal osteoporosis where 
estrogen deficiency is an important contributor to 
the pathogenesis of osteoporosis [163]. In studies 

where bone matrix mineralization was analyzed 
in postmenopausal osteoporotic patients after 
treatment with estrogen or SERMs, an increase in 
degree of mineralization or mineral:matrix ratio 
was reported [162, 164, 165].

 Antiresorptive Treatment

Bisphosphonates (BPs) have been used for treat-
ment of osteoporosis for several decades [166]. 
BPs inhibit bone resorption as they get adsorbed 
to mineral surfaces in bone, where they interfere 
with the action of the bone-resorbing osteoclasts. 
Their antiresorptive action is rather fast as already 
mentioned while the changes in mineralization 
are much slower (given the time of several months 
required for completion of one remodeling cycle 
[167]). Due to the sudden drop in bone resorption 
and formation in relation to the time which is 
needed for achieving a new bone turnover equilib-
rium, the measured effects of antiresorptive ther-
apy on the bone mineralization distribution 
depend on the duration of therapy, short term (up 
to about 3 years) versus long term (5 years and 
longer). For short-term BP therapy (including 
alendronate, risedronate, ibandronate and zole-
dronic acid), a significant decrease in the hetero-
geneity of mineralization has been reported [130]. 
Moreover, the percentage of low mineralized 
areas is decreased and the average degree of min-
eralization is increased [130]. Noteworthy, these 
changes occur in osteoporotic bone which has 
generally lower degree and increased heterogene-
ity of mineralization than healthy bone before 
therapy. Moreover, part of these BP effects, in 
particular the reduction in mineralization hetero-
geneity, seem to be transient. After longer therapy 
duration, the heterogeneity together with the 
degree of bone mineralization is normalized 
(Fig. 5.4) [128, 168]. In the context of long-term 
antiresorptive treatment, it has to be noted that 
while no adverse effect on the bone mineraliza-
tion distribution per se could be observed, the 
increasing occurrence of atypical femoral frac-
tures have been reported [169]. These are there-
fore unlikely related to the changes in 
mineralization during therapy but more likely 
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related to the suppression of the internal fracture-
repair mechanism by the decreased osteoclast 
activity (see also Chap. 21).

The BP effect on bone turnover and its conse-
quences on bone matrix mineralization are well 
understood [63, 88, 98, 126, 128–130, 159, 161, 
170–173]; however, it is unclear whether the 
change in turnover is also accompanied (at least to 
some extent) by a change in mineralization kinet-
ics. Studies on bone from treated animals sug-
gested no significant effect of alendronate or 
risedronate on the temporal course of mineral 
accumulation in bone [174]. However, on the other 
hand, it is assumed that the BP which is absorbed 
to the mineral might alter the chemistry and elec-
trostatic properties of the bone surface which 
might be detected by osteoblasts [175]. Data from 
vibrational microspectroscopy suggested devia-
tions in material properties from normal after dif-
ferent types of BP [176] as well as differences in 
the matrix formed under subsequent anabolic ther-
apy in BP pretreated patients [177, 178].

While the effects of BP on human bone miner-
alization are well known as shown by the results 
from the numerous biopsy studies, much less is 
known about these effects in treatment with deno-
sumab, a human monoclonal antibody to RANKL 
(see Chap. 15). Long-term safety and efficacy of 
this osteoporosis treatment have been published 
recently [179]; histologic evaluation of transiliac 
biopsy samples showed normal bone microarchi-
tecture without evidence of adverse effects on 
mineralization or the formation of lamellar bone 
[180]. First data on bone mineralization in trans-
iliac biopsy samples from patients were published 
recently [131]. In this study, bone biopsies from 
participants of the FREEDOM and FREEDOM 
extension study were analyzed. Outcomes showed 
an increase in the average degree and a decrease 
in the heterogeneity of mineralization in both can-
cellous and cortical compartments in denosumab 
versus placebo- treated patients.

There has been a debate whether therapy with 
strontium ranelate (SrR) exerts a combination of 
anabolic and concurrent antiresorptive action in 
bone [181]. Chavassieux and colleagues reported 
no evidence for anabolic but antiresorptive 
action only [182], which is in agreement with the 

bone matrix mineralization outcomes based on 
qBEI in transiliac biopsy samples [183]. Similar 
to above-mentioned fluoride, the element stron-
tium gets incorporated into the bone mineral 
crystal; in the young bone packets formed during 
SrR therapy, it replaces approximately 5 at% of 
calcium [183, 184]. It was shown also that the 
strontium content of the bone matrix increases 
with increasing bone volume formed under ther-
apy [185]. In contrast to fluoride, strontium 
seems not to change the mechanical properties 
of the bone material [184]. As strontium is an 
element with high atomic number, its incorpora-
tion into mineral, however, influences the mea-
surement of BMD (mimics higher bone mass in 
DXA), bone volume by computed tomography, 
as well as bone mineralization and makes the 
evaluation of the genuine effects of SrR chal-
lenging [183].

 Anabolic Treatment

Anabolic treatment with sodium fluoride was 
considered for treatment of postmenopausal 
osteoporosis some decades ago. However, the 
treatment was not widely accepted as it was rec-
ognized that despite the large increases in bone 
volume, bone fragility was not decreased in the 
treated patients [186]. It was recognized that 
bone formed under treatment was altered and 
mechanically inferior to normal bone as the ele-
ment fluoride gets incorporated into the mineral 
resulting in a disturbance of the normal collagen–
mineral relationship [187]. Abnormally large 
mineral particles and abnormal size distributions 
of the mineral particles have been observed [188, 
189] together with mineralization defects [190] 
and abnormally high degree of bone mineraliza-
tion [63]. Due to these adverse effects, systemic 
sodium fluoride has not gained wide use, although 
attempts have been undertaken to decrease the 
adverse effects by sustained-release sodium fluo-
ride given on an intermittent basis [191].

The current options of anabolic therapy are 
treatment with parathyroid hormone (PTH 1–84), 
teriparatide (PTH 1–34), or abaloparatide. 
Significant changes in the bone mineralization 
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distribution with PTH or teriparatide are com-
monly observed. In line with an increase in bone 
formation, decreases in the average degree and 
increases in the heterogeneity of bone mineral-
ization were reported (Fig.  5.4) [64, 192]. The 
decrease in average mineralization density can be 
explained by the increase in the percentage of 
low mineralized bone areas, which is a typical 
change in the BMDD in a situation of high bone 
formation/turnover. The experimental findings 
were confirmed by computed modeling, which 
revealed the occurrence of a “shoulder” in the 
BMDD at lower calcium concentrations after 
1  year anabolic treatment [161]. Interestingly, 
only 1  year with PTH 1–84 was sufficient to 
change the mineralization distribution signifi-
cantly in patients with hypoparathyroidism, a 
condition with suppressed bone turnover at base-
line [133]. Similarly, an increase in the portion of 
low mineralized bone was observed after sequen-
tial treatment with bisphosphonates followed by 
teriparatide in postmenopausal osteoporotic 
patients [193]. BMDD data from combined treat-
ment with anabolic and concurrent antiresorptive 
treatment are lacking so far.

More recently, treatment with parathyroid 
hormone-related peptide (PTHrP, abalopara-
tide) has come into focus (see also Chaps. 14 and 
15) [194]. In a recent study, histologic analysis 
revealed no evidence of adverse effects on miner-
alization in bone biopsy samples from treated 
patients [195]; however, no data on its effect on 
the mineralization distribution exist so far. 
Similar for alternative novel anabolic agents such 
as sclerostin antibody therapy (see Chap. 16), 
only bone mineralization data from animal mod-
els are available yet. For treated rats [196], as 
well as for a treated mouse model of osteogenesis 
imperfecta, no significant effects on mineraliza-
tion were reported [197].

 Summary 

The proper mineralization of the bone matrix is 
important for its mechanical performance. In 
bone from healthy individuals, relatively small 
variation in the distribution of cancellous bone 

mineralization could be observed which enabled 
to establish reference mineralization data that 
can be used for differential diagnosis. Indeed, 
deviations from normal have been observed in 
several bone diseases. Increased bone turnover 
associated with lowered average tissue age and 
lowered mineralization is found in postmeno-
pausal osteoporosis. Antiosteoporosis therapies 
exert antiresorptive or anabolic mechanisms in 
the skeleton. Both treatment options have typical 
effects on the bone mineralization distribution. 
While antiresorptive therapy decreases bone 
resorption and formation resulting in higher tis-
sue age, and thus a higher degree of mineraliza-
tion, anabolic therapy increases the bone 
formation resulting in relatively young bone tis-
sue having low mineralization densities. These 
changes might play a role in enhancing mechani-
cal properties after treatment and have to be con-
sidered when evaluating the BMD changes in 
diseases and/or after treatment. In cases where 
predominately the Ca and Phosphate metabolism 
is disturbed, extreme deviations from normal 
BMDD can be observed showing shifts to lower 
calcium concentrations together with a strong 
increase in heterogeneity of mineralization.

Acknowledgments The authors gratefully thank Prof. 
Dr. Dr.h.c. Peter Fratzl (Max Planck Institute of Colloids 
and Interfaces, Department of Biomaterials, Potsdam, 
Germany) for the numerous studies in collaboration with 
the Ludwig Boltzmann Institute of Osteology during 
more than two decades which represent a significant 
contribution in this text. Moreover, they thank him for 
the discussion and his fruitful comments on this 
chapter.

References

 1. Jones DB, Nolte H, Scholübbers JG, Turner E, Veltel 
D.  Biochemical signal transduction of mechani-
cal strain in osteoblast-like cells. Biomaterials. 
1991;12(2):101–10.

 2. Paschalis EP, Gamsjaeger S, Hassler N, Klaushofer 
K, Burr D. Ovarian hormone depletion affects corti-
cal bone quality differently on different skeletal enve-
lopes. Bone. 2017;95:55–64. https://doi.org/10.1016/j.
bone.2016.10.029. Epub 2016 Nov 4.

 3. Prockop DJ. Osteogenesis imperfecta: phenotypic het-
erogeneity, protein suicide, short and long collagen. 
Am J Hum Genet. 1984;36(3):499–505. Review.

P. Roschger et al.

https://doi.org/10.1016/j.bone.2016.10.029
https://doi.org/10.1016/j.bone.2016.10.029


105

 4. Forlino A, Cabral WA, Barnes AM, Marini JC. New 
perspectives on osteogenesis imperfecta. Nat 
Rev Endocrinol. 2011;7(9):540–57. https://doi.
org/10.1038/nrendo.2011.81. Review.

 5. Marini JC, Reich A, Smith SM. Osteogenesis imper-
fecta due to mutations in non-collagenous genes: 
lessons in the biology of bone formation. Curr Opin 
Pediatr. 2014;26(4):500–7. https://doi.org/10.1097/
MOP.0000000000000117. Review.

 6. Eyre DR, Weis MA. Bone collagen: new clues to its 
mineralization mechanism from recessive osteogene-
sis imperfecta. Calcif Tissue Int. 2013;93(4):338–47. 
https://doi.org/10.1007/s00223-013-9723-9. Review.

 7. Hodge AJ, Petruska JA.  Recent studies with the 
electron microscope on ordered aggregates of the 
tropocollagen molecule. In: Ramachandran, G.N., 
Ed., Aspects of Protein Structure, Academic Press, 
New York, Academic Press; 1963; 289-300.

 8. Fratzl P, editor. Collagen  – structure and mechan-
ics. ISBN: 978–0–387-73905-2. Springer 
Science+Business Media, LLC; 2008. 504 pages.

 9. Prostak KS, Lees S. Visualization of crystal-matrix struc-
ture. In situ demineralization of mineralized Turkey leg 
tendon and bone. Calcif Tissue Int. 1996;59(6):474–9.

 10. Starborg T, Kalson NS, Lu Y, Mironov A, Cootes TF, 
Holmes DF, Kadler KE.  Using transmission elec-
tron microscopy and 3View to determine collagen 
fibril size and three-dimensional organization. Nat 
Protoc. 2013;8(7):1433–48. https://doi.org/10.1038/
nprot.2013.086.

 11. Eriksen EF, Gundersen HJ, Melsen F, et  al. 
Reconstruction of the formative site in iliac trabecu-
lar bone in 20 normal individuals employing a kinetic 
model for matrix and mineral apposition. Metab Bone 
Dis Relat Res. 1984;5:243–52.

 12. Landis WJ, Silver FH.  Mineral deposition in the 
extracellular matrices of vertebrate tissues: identifi-
cation of possible apatite nucleation sites on type I 
collagen. Cells Tissues Organs. 2009;189(1–4):20–4. 
https://doi.org/10.1159/000151454.

 13. Gericke A, Qin C, Spevak L, Fujimoto Y, Butler WT, 
Sørensen ES, Boskey AL. Importance of phosphory-
lation for osteopontin regulation of biomineralization. 
Calcif Tissue Int. 2005;77(1):45–54.

 14. George A, Veis A. Phosphorylated proteins and con-
trol over apatite nucleation, crystal growth, and inhi-
bition. Chem Rev. 2008;108(11):4670–93. https://doi.
org/10.1021/cr0782729.

 15. Millán JL, Whyte MP.  Alkaline phosphatase and 
hypophosphatasia. Calcif Tissue Int. 2016;98(4):398–
416. https://doi.org/10.1007/s00223-015-0079-1. 
Review.

 16. Millán JL.  The role of phosphatases in the ini-
tiation of skeletal mineralization. Calcif Tissue Int. 
2013;93(4):299–306. https://doi.org/10.1007/s00223-
012-9672-8. Review.

 17. Orriss IR, Arnett TR, Russell RG.  Pyrophosphate: 
a key inhibitor of mineralisation. Curr Opin 
Pharmacol. 2016;28:57–68. https://doi.org/10.1016/j.
coph.2016.03.003. Review.

 18. Cundy T, Michigami T, Tachikawa K, Dray M, Collins 
JF, Paschalis EP, Gamsjaeger S, Roschger A, Fratzl-
Zelman N, Roschger P, Klaushofer K.  Reversible 
deterioration in hypophosphatasia caused by renal 
failure with bisphosphonate  treatment. J Bone Miner 
Res. 2015;30(9):1726–37. https://doi.org/10.1002/
jbmr.2495.

 19. Murshed M, Harmey D, Millán JL, McKee MD, 
Karsenty G.  Unique coexpression in osteoblasts of 
broadly expressed genes accounts for the spatial 
restriction of ECM mineralization to bone. Genes 
Dev. 2005;19(9):1093–104.

 20. Atkins GJ, Findlay DM.  Osteocyte regulation of 
bone mineral: a little give and take. Osteoporos Int. 
2012;23(8):2067–79. Review.

 21. Feng JQ, Ye L, Schiavi S.  Do osteocytes contrib-
ute to phosphate homeostasis? Curr Opin Nephrol 
Hypertens. 2009;18(4):285–91. https://doi.
org/10.1097/MNH.0b013e32832c224f. Review.

 22. Kerschnitzki M, Akiva A, Shoham AB, Koifman N, 
Shimoni E, Rechav K, Arraf AA, Schultheiss TM, 
Talmon Y, Zelzer E, Weiner S, Addadi L. Transport 
of membrane-bound mineral particles in blood ves-
sels during chicken embryonic bone development. 
Bone. 2016;83:65–72. https://doi.org/10.1016/j.
bone.2015.10.009.

 23. Pethő A, Chen Y, George A.  Exosomes in extracel-
lular matrix bone biology. Curr Osteoporos Rep. 
2018;16(1):58–64. https://doi.org/10.1007/s11914-
018-0419-y. Review.

 24. Bonucci E. Fine structure of early cartilage calcifica-
tion. J Ultrastruct Res. 1967;20:33–50.

 25. Boonrungsiman S, Gentleman E, Carzaniga R, Evans 
ND, McComb DW, Porter AE, Stevens MM. The role 
of intracellular calcium phosphate in osteoblast-medi-
ated bone apatite formation. Proc Natl Acad Sci U S 
A. 2012;109(35):14170–5. https://doi.org/10.1073/
pnas.1208916109.

 26. Mahamid J, Sharir A, Gur D, Zelzer E, Addadi L, 
Weiner S.  Bone mineralization proceeds through 
intracellular calcium phosphate loaded vesicles: 
a cryo-electron microscopy study. J Struct Biol. 
2011;174(3):527–35. https://doi.org/10.1016/j.
jsb.2011.03.014.

 27. Shapiro IM, Landis WJ, Risbud MV. Matrix vesicles: 
are they anchored exosomes? Bone. 2015;79:29–36. 
https://doi.org/10.1016/j.bone.2015.05.013. Review.

 28. Dorvee JR, Veis A. Water in the formation of biogenic 
minerals: peeling away the hydration layers. J Struct 
Biol. 2013;183(2):278–303. https://doi.org/10.1016/j.
jsb.2013.06.007.

 29. Grynpas MD, Omelon S.  Transient precursor strat-
egy or very small biological apatite crystals? Bone. 
2007;41(2):162–4.

 30. Weiner S. Transient precursor strategy in mineral for-
mation of bone. Bone. 2006;39(3):431–3.

 31. Grynpas MD, Bonar LC, Glimcher MJ.  Failure to 
detect an amorphous calcium-phosphate solid phase 
in bone mineral: a radial distribution function study. 
Calcif Tissue Int. 1984;36(3):291–301.

5 Basic Aspects of Bone Mineralization

https://doi.org/10.1038/nrendo.2011.81
https://doi.org/10.1038/nrendo.2011.81
https://doi.org/10.1097/MOP.0000000000000117
https://doi.org/10.1097/MOP.0000000000000117
https://doi.org/10.1007/s00223-013-9723-9
https://doi.org/10.1038/nprot.2013.086
https://doi.org/10.1038/nprot.2013.086
https://doi.org/10.1159/000151454
https://doi.org/10.1021/cr0782729
https://doi.org/10.1021/cr0782729
https://doi.org/10.1007/s00223-015-0079-1
https://doi.org/10.1007/s00223-012-9672-8
https://doi.org/10.1007/s00223-012-9672-8
https://doi.org/10.1016/j.coph.2016.03.003
https://doi.org/10.1016/j.coph.2016.03.003
https://doi.org/10.1002/jbmr.2495
https://doi.org/10.1002/jbmr.2495
https://doi.org/10.1097/MNH.0b013e32832c224f
https://doi.org/10.1097/MNH.0b013e32832c224f
https://doi.org/10.1016/j.bone.2015.10.009
https://doi.org/10.1016/j.bone.2015.10.009
https://doi.org/10.1007/s11914-018-0419-y
https://doi.org/10.1007/s11914-018-0419-y
https://doi.org/10.1073/pnas.1208916109
https://doi.org/10.1073/pnas.1208916109
https://doi.org/10.1016/j.jsb.2011.03.014
https://doi.org/10.1016/j.jsb.2011.03.014
https://doi.org/10.1016/j.bone.2015.05.013
https://doi.org/10.1016/j.jsb.2013.06.007
https://doi.org/10.1016/j.jsb.2013.06.007


106

 32. Engström A.  Chapter 7 Aspects of the molecular 
structure of bone. In: Bourne GH. The biochemistry 
and physiology of bone. 2nd ed. Vol. 1 Structure. 
Academic Press; Elsevier Inc.,1972.

 33. Quan BD, Sone ED.  Structural changes in collagen 
fibrils across a mineralized interface revealed by cryo-
TEM. Bone. 2015;77:42–9. https://doi.org/10.1016/j.
bone.2015.04.020.

 34. Traub W, Arad T, Weiner S. Origin of mineral crystal 
growth in collagen fibrils. Matrix. 1992;12(4):251–5.

 35. Landis WJ, Song MJ, Leith A, McEwen L, McEwen 
BF.  Mineral and organic matrix interaction in nor-
mally calcifying tendon visualized in three dimensions 
by high-voltage electron microscopic tomography 
and graphic image reconstruction. J Struct Biol. 
1993;110:39–54.

 36. Weiner S, Traub W.  Organization of hydroxy-
apatite crystals within collagen fibrils. FEBS Lett. 
1986;206(2):262–6.

 37. Reznikov N, Bilton M, Lari L, Stevens MM, Kröger 
R.  Fractal-like hierarchical organization of bone 
begins at the nanoscale. Science. 2018;360(6388). pii: 
eaao2189) https://doi.org/10.1126/science.aao2189.

 38. Landis WJ, Hodgens KJ, Song MJ, Arena J, Kiyonaga 
S, Marko M, Owen C, McEwen BF. Mineralization 
of collagen occurs on fibril surfaces: evidence from 
conventional and high voltage electron micros-
copy and three-dimensional imaging. J Struct Biol. 
1996;117:24–35.

 39. Alexander B, Daulton TL, Genin GM, Lipner J, 
Pasteris JD, Wopenka B, Thomopoulos S.  The 
nanometre-scale physiology of bone: steric model-
ling and scanning transmission electron microscopy 
of collagen-mineral structure. J R Soc Interface. 
2012;9(73):1774–86. https://doi.org/10.1098/
rsif.2011.0880.

 40. Schwarcz HP. The ultrastructure of bone as revealed 
in electron microscopy of ion-milled sections. 
Semin Cell Dev Biol. 2015;46:44–50. https://doi.
org/10.1016/j.semcdb.2015.06.008. Review.

 41. Gupta HS, Seto J, Wagermaier W, Zaslansky P, 
Boesecke P, Fratzl P. Cooperative deformation of min-
eral and collagen in bone at the nanoscale. Proc Natl 
Acad Sci U S A. 2006;103(47):17741–6.

 42. Arsenault AL, Grynpas MD. Crystals in calcified car-
tilage and cortical bone of the rat. Calcif Tissue Int. 
1988;43:219–25.

 43. Hassenkam T, Fantner GE, Cutroni JA, Waever JC, 
Morse DE, Hansma PK. High-resolution AFM imag-
ing of intact and fractured trabecular bone. Bone. 
2004;35:4–10.

 44. Pabisch S, Wagermaier W, Zander T, Li C, Fratzl 
P.  Imaging the nanostructure of bone and dentin 
through small- and wide-angle X-ray scattering. 
Methods Enzymol. 2013;532:391–413. https://doi.
org/10.1016/B978-0-12-416617-2.00018-7. Review.

 45. Fratzl P, Gupta HS, Paschalis EP, Roschger P. Structure 
and mechanical quality of the collagen- mineral nano-
composite in bone. J Mater Chem. 2004;14:2115–23.

 46. Wess T, Alberts I, Hiller J, Drakopoulos M, 
Chamberlain AT, Collins M.  Microfocus small 
angle X-ray scattering reveals structural features in 
archaeological bone samples: detection of changes 
in bone mineral habit and size. Calcif Tissue Int. 
2002;70(2):103–10.

 47. Kaspersen JD, Turunen MJ, Mathavan N, Lages S, 
Pedersen JS, Olsson U, Isaksson H.  Small-angle 
X-ray scattering demonstrates similar nanostructure 
in cortical bone from young adult animals of different 
species. Calcif Tissue Int. 2016;99(1):76–87. https://
doi.org/10.1007/s00223-016-0120-z.

 48. Rinnerthaler S, Roschger P, Jakob HF, Nader A, 
Klaushofer K, Fratzl P. Scanning small angle X-ray 
scattering analysis of human bone sections. Calcif 
Tissue Int. 1999;64(5):422–9.

 49. Zizak I, Roschger P, Paris O, Misof BM, Berzlanovich 
A, Bernstorff S, Amenitsch H, Klaushofer K, 
Fratzl P.  Characteristics of mineral particles in 
the human bone/cartilage interface. J Struct Biol. 
2003;141(3):208–17.

 50. Granke M, Gourrier A, Rupin F, Raum K, Peyrin 
F, Burghammer M, Saïed A, Laugier P.  Microfibril 
orientation dominates the microelastic properties of 
human bone tissue at the lamellar length scale. PLoS 
One. 2013;8(3):e58043. https://doi.org/10.1371/jour-
nal.pone.0058043.

 51. Rehman MT, Hoyland JA, Denton J, Freemont 
AJ. Age related histomorphometric changes in bone 
in normal British men and women. J Clin Pathol. 
1994;47(6):529–34.

 52. Recker RR, Kimmel DB, Parfitt AM, Davies KM, 
Keshawarz N, Hinders S.  Static and tetracycline- 
based bone histomorphometric data from 34 nor-
mal postmenopausal females. J Bone Miner Res. 
1988;3(2):133–44.

 53. Paschalis EP, Fratzl P, Gamsjaeger S, Hassler N, 
Brozek W, Eriksen EF, Rauch F, Glorieux FH, Shane 
E, Dempster D, Cohen A, Recker R, Klaushofer 
K. Aging versus postmenopausal osteoporosis: bone 
composition and maturation kinetics at actively- 
forming trabecular surfaces of female subjects aged 
1 to 84 years. J Bone Miner Res. 2016;31(2):347–57. 
https://doi.org/10.1002/jbmr.2696.

 54. Nawrot-Wawrzyniak K, Varga F, Nader A, Roschger 
P, Sieghart S, Zwettler E, Roetzer KM, Lang S, 
Weinkamer R, Klaushofer K, Fratzl-Zelman N. Effects 
of tumor-induced osteomalacia on the bone mineral-
ization process. Calcif Tissue Int. 2009;84(4):313–23. 
https://doi.org/10.1007/s00223-009-9216-z.

 55. Roschger P, Fratzl-Zelman N, Misof BM, Glorieux 
FH, Klaushofer K, Rauch F.  Evidence that abnor-
mal high bone mineralization in growing children 
with osteogenesis imperfecta is not associated 
with specific collagen mutations. Calcif Tissue 
Int. 2008;82(4):263–70. https://doi.org/10.1007/
s00223-008-9113-x.

 56. Buenzli PR, Lerebours C, Roschger A, Roschger P, 
Weinkamer R. Late stages of mineralization and their 

P. Roschger et al.

https://doi.org/10.1016/j.bone.2015.04.020
https://doi.org/10.1016/j.bone.2015.04.020
https://doi.org/10.1126/science.aao2189
https://doi.org/10.1098/rsif.2011.0880
https://doi.org/10.1098/rsif.2011.0880
https://doi.org/10.1016/j.semcdb.2015.06.008
https://doi.org/10.1016/j.semcdb.2015.06.008
https://doi.org/10.1016/B978-0-12-416617-2.00018-7
https://doi.org/10.1016/B978-0-12-416617-2.00018-7
https://doi.org/10.1007/s00223-016-0120-z
https://doi.org/10.1007/s00223-016-0120-z
https://doi.org/10.1371/journal.pone.0058043
https://doi.org/10.1371/journal.pone.0058043
https://doi.org/10.1002/jbmr.2696
https://doi.org/10.1007/s00223-009-9216-z
https://doi.org/10.1007/s00223-008-9113-x
https://doi.org/10.1007/s00223-008-9113-x


107

signature on the bone mineral density distribution. 
Connect Tissue Res. 2018;59(sup1):74–80. https://
doi.org/10.1080/03008207.2018.1424149.

 57. Lukas C, Ruffoni D, Lambers FM, Schulte FA, 
Kuhn G, Kollmannsberger P, Weinkamer R, Müller 
R. Mineralization kinetics in murine trabecular bone 
quantified by time-lapsed in  vivo micro-computed 
tomography. Bone. 2013;56(1):55–60. https://doi.
org/10.1016/j.bone.2013.05.005.

 58. Kristensen E, Hallgrimsson B, Morck DW, Boyd 
SK.  Timing of growth hormone treatment affects 
trabecular bone microarchitecture and mineral-
ization in growth hormone deficient mice. Bone. 
2010;47:295–300.

 59. Akkus O, Polyakova-Akkus A, Adar F, Schaffler 
MB. Aging of microstructural compartments in human 
compact bone. J Bone Miner Res. 2003;18(6):1012–9.

 60. Bala Y, Farlay D, Delmas PD, Meunier PJ, Boivin 
G.  Time sequence of secondary mineralization 
and microhardness in cortical and cancellous bone 
from ewes. Bone. 2010;46(4):1204–12. https://doi.
org/10.1016/j.bone.2009.11.032.

 61. Fuchs RK, Allen MR, Ruppel ME, Diab T, Phipps RJ, 
Miller LM, Burr DB. In situ examination of the time-
course for secondary mineralization of haversian bone 
using synchrotron Fourier transform infrared micro-
spectroscopy. Matrix Biol. 2008;27(1):34–41.

 62. Gamsjaeger S, Hofstetter B, Fratzl-Zelman N, Roschger 
P, Roschger A, Fratzl P, Brozek W, Masic A, Misof 
BM, Glorieux FH, Klaushofer K, Rauch F, Paschalis 
EP. Pediatric reference Raman data for material charac-
teristics of iliac trabecular bone. Bone. 2014;69:89–97. 
https://doi.org/10.1016/j.bone.2014.09.012.

 63. Roschger P, Paschalis EP, Fratzl P, Klaushofer 
K. Bone mineralization density distribution in health 
and disease. Bone. 2008;42(3):456–66. Epub 2007 
Nov 12. Review.

 64. Misof BM, Roschger P, Cosman R, Kurland ES, 
Tesch W, Messmer P, Dempster DW, Nieves J, Shane 
E, Fratzl P, Klaushofer K, Bilezikian J, Lindsay 
R. Effects of intermittent parathyroid hormone admin-
istration on bone mineralization density distribution 
in iliac crest biopsies from patients with osteoporo-
sis: a paired study before and after treatment. J Clin 
Endocrinol Metab. 2003;88:1150–6.

 65. Hasegawa T.  Ultrastructure and biological func-
tion of matrix vesicles in bone mineralization. 
Histochem Cell Biol. 2018;149(4):289–304. https://
doi.org/10.1007/s00418-018-1646-0. Review.

 66. Skedros JG, Holmes JL, Vajda EG, Bloebaum 
RD.  Cement lines of secondary osteons in human 
bone are not mineral-deficient: new data in a historical 
perspective. Anat Rec A Discov Mol Cell Evol Biol. 
2005;286(1):781–803.

 67. Milovanovic P, Vom Scheidt A, Mletzko K, Sarau 
G, Püschel K, Djuric M, Amling M, Christiansen S, 
Busse B. Bone tissue aging affects mineralization of 
cement lines. Bone. 2018;110:187–93. https://doi.
org/10.1016/j.bone.2018.02.004. Epub 2018 Feb 7.

 68. Nyssen-Behets C, Arnould V, Dhem 
A.  Hypermineralized lamellae below the bone sur-
face: a quantitative microradiographic study. Bone. 
1994;15(6):685–9.

 69. Repp F, Kollmannsberger P, Roschger A, Kerschnitzki 
M, Berzlanovich A, Gruber GM, Roschger P, 
Wagermaier W, Weinkamer R. Spatial heterogeneity 
in the canalicular density of the osteocyte network in 
human osteons. Bone Rep. 2017;6:101–8. https://doi.
org/10.1016/j.bonr.2017.03.001. eCollection 2017 
Jun.

 70. Hesse B, Varga P, Langer M, Pacureanu A, Schrof 
S, Männicke N, Suhonen H, Maurer P, Cloetens P, 
Peyrin F, Raum K. Canalicular network morphology 
is the major determinant of the spatial distribution 
of mass density in human bone tissue: evidence by 
means of synchrotron radiation phase-contrast nano-
 CT.  J Bone Miner Res. 2015;30(2):346–56. https://
doi.org/10.1002/jbmr.2324.

 71. Lees S.  Considerations regarding the structure 
of the mammalian osteoid from viewpoint of the 
generalized packing model. Connect Tissue Res. 
1987;16:281–303.

 72. Boskey A, Camacho NP. FT-IR imaging of native and 
tissue-engineered bone and cartilage. Biomaterials. 
2007;28:2465–78.

 73. Paschalis EP, Gamsjaeger S, Fratzl-Zelman N, 
Roschger P, Masic A, Brozek W, Hassler N, Glorieux 
FH, Rauch F, Klaushofer K, Fratzl P.  Evidence for 
a role for Nanoporosity and Pyridinoline content in 
human mild osteogenesis imperfecta. J Bone Miner 
Res. 2016;31(5):1050–9. https://doi.org/10.1002/
jbmr.2780.

 74. Jäger I, Fratzl P.  Mineralized collagen fibrils: a 
mechanical model with a staggered arrangement of 
mineral particles. Biophys J. 2000;79(4):1737–46.

 75. Roschger A, Gamsjaeger S, Hofstetter B, Masic A, 
Blouin S, Messmer P, Berzlanovich A, Paschalis EP, 
Roschger P, Klaushofer K, Fratzl P.  Relationship 
between the v2PO4/amide III ratio assessed by 
Raman spectroscopy and the calcium content mea-
sured by quantitative backscattered electron micros-
copy in healthy human osteonal bone. J Biomed 
Opt. 2014;19(6):065002. https://doi.org/10.1117/1.
JBO.19.6.065002.

 76. Masic A, Bertinetti L, Schuetz R, Chang SW, Metzger 
TH, Buehler MJ, Fratzl P. Osmotic pressure induced 
tensile forces in tendon collagen. Nat Commun. 
2015;6:5942. https://doi.org/10.1038/ncomms6942.

 77. Bertinetti L, Masic A, Schuetz R, Barbetta A, Seidt 
B, Wagermaier W, Fratzl P. Osmotically driven tensile 
stress in collagen-based mineralized tissues. J Mech 
Behav Biomed Mater. 2015;52:14–21. https://doi.
org/10.1016/j.jmbbm.2015.03.010.

 78. Roschger P, Grabner BM, Rinnerthaler S, Tesch W, 
Kneissel M, Berzlanovich A, Klaushofer K, Fratzl 
P.  Structural development of the mineralized tis-
sue in the human L4 vertebral body. J Struct Biol. 
2001;136(2):126–36.

5 Basic Aspects of Bone Mineralization

https://doi.org/10.1080/03008207.2018.1424149
https://doi.org/10.1080/03008207.2018.1424149
https://doi.org/10.1016/j.bone.2013.05.005
https://doi.org/10.1016/j.bone.2013.05.005
https://doi.org/10.1016/j.bone.2009.11.032
https://doi.org/10.1016/j.bone.2009.11.032
https://doi.org/10.1016/j.bone.2014.09.012
https://doi.org/10.1007/s00418-018-1646-0
https://doi.org/10.1007/s00418-018-1646-0
https://doi.org/10.1016/j.bone.2018.02.004
https://doi.org/10.1016/j.bone.2018.02.004
https://doi.org/10.1016/j.bonr.2017.03.001
https://doi.org/10.1016/j.bonr.2017.03.001
https://doi.org/10.1002/jbmr.2324
https://doi.org/10.1002/jbmr.2324
https://doi.org/10.1002/jbmr.2780
https://doi.org/10.1002/jbmr.2780
https://doi.org/10.1117/1.JBO.19.6.065002
https://doi.org/10.1117/1.JBO.19.6.065002
https://doi.org/10.1038/ncomms6942
https://doi.org/10.1016/j.jmbbm.2015.03.010
https://doi.org/10.1016/j.jmbbm.2015.03.010


108

 79. Fratzl-Zelman N, Schmidt I, Roschger P, Glorieux 
FH, Klaushofer K, Fratzl P, Rauch F, Wagermaier 
W.  Mineral particle size in children with osteogen-
esis imperfecta type I is not increased independently 
of specific collagen mutations. Bone. 2014;60:122–8. 
https://doi.org/10.1016/j.bone.2013.11.023.

 80. Fratzl-Zelman N, Misof BM, Klaushofer K, Roschger 
P.  Bone mass and mineralization in osteogenesis 
imperfecta. Wien Med Wochenschr. 2015;165(13–
14):271–7. https://doi.org/10.1007/s10354-015-0369-
2. Epub 2015 Jul 25. Review.

 81. Boyde A, Travers R, Glorieux FH, Jones SJ.  The 
mineralization density of iliac crest bone from chil-
dren with osteogenesis imperfecta. Calcif Tissue Int. 
1999;64(3):185–90.

 82. Jones SJ, Glorieux FH, Travers R, Boyde A.  The 
microscopic structure of bone in normal children and 
patients with osteogenesis imperfecta: a survey using 
backscattered electron imaging. Calcif Tissue Int. 
1999;64(1):8–17.

 83. Granke M, Does MD, Nyman JS. The role of water 
compartments in the material properties of cortical 
bone. Calcif Tissue Int. 2015;97(3):292–307. https://
doi.org/10.1007/s00223-015-9977-5. Review.

 84. Wang X, Xu H, Huang Y, Gu S, Jiang JX. Coupling 
effect of water and proteoglycans on the in situ tough-
ness of bone. J Bone Miner Res. 2016;31(5):1026–9. 
https://doi.org/10.1002/jbmr.2774.

 85. Ruffoni D, Fratzl P, Roschger P, Klaushofer K, 
Weinkamer R. The bone mineralization density distri-
bution as a fingerprint of the mineralization process. 
Bone. 2007;40(5):1308–19.

 86. Grynpas M. Age and disease-related changes in the min-
eral of bone. Calcif Tissue Int. 1993;53(Suppl1):S57–64.

 87. Fratzl-Zelman N, Roschger P, Misof BM, Pfeffer S, 
Glorieux FH, Klaushofer K, Rauch F. Normative data 
on mineralization density distribution in iliac bone 
biopsies of children, adolescents and young adults. 
Bone. 2009;44(6):1043–8. https://doi.org/10.1016/j.
bone.2009.02.021.

 88. Boivin G, Meunier PJ. Changes in bone remodeling 
rate influence the degree of mineralization of bone. 
Connect Tissue Res. 2002;43(2–3):535–7.

 89. Fratzl P, Roschger P, Fratzl-Zelman N, Paschalis EP, 
Phipps R, Klaushofer K. Evidence that treatment with 
risedronate in women with postmenopausal osteopo-
rosis affects bone mineralization and bone volume. 
Calcif Tissue Int. 2007;81(2):73–80.

 90. Carden A, Morris MD.  Application of vibrational 
spectroscopy to the study of mineralized tissues 
(review). J Biomed Opt. 2000;5(3):259–68. Review.

 91. Boskey AL. Assessment of bone mineral and matrix 
using backscatter electron imaging and FTIR imag-
ing. Curr Osteoporos Rep. 2006;4(2):71–5. Review.

 92. Gamsjaeger S, Mendelsohn R, Boskey AL, Gourion- 
Arsiquaud S, Klaushofer K, Paschalis EP. Vibrational 
spectroscopic imaging for the evaluation of matrix 
and mineral chemistry. Curr Osteoporos Rep. 
2014;12(4):454–64. https://doi.org/10.1007/s11914-
014-0238-8. Review.

 93. Paschalis EP, Gamsjaeger S, Klaushofer 
K.  Vibrational spectroscopic techniques to assess 
bone quality. Osteoporos Int. 2017;28(8):2275–
91. https://doi.org/10.1007/s00198-017-4019-y. 
Review.

 94. Kovarik J, Willvonseder R, Plenk H Jr, Böhler N, 
Woloszczuk W, Eschberger J, Dorda W, Haber 
P. Evidence for negative correlation between quan-
titative histological studies and microradiography 
of iliac crest bone and forearm osteodensitometry in 
elderly women with osteoporosis. Calcif Tissue Int. 
1982;34(5):456–8.

 95. Boivin G, Meunier PJ. The degree of mineralization 
of bone tissue measured by computerized quantita-
tive contact microradiography. Calcif Tissue Int. 
2002;70:503–11.

 96. Montagner F, Kaftandjian V, Farlay D, Brau D, 
Boivin G, Follet H. Validation of a novel microra-
diography device for characterization of bone min-
eralization. J Xray Sci Technol. 2015;23(2):201–11. 
https://doi.org/10.3233/XST-150481.

 97. Nuzzo S, Lafage-Proust MH, Martin-Badosa 
E, Boivin G, Thomas T, Alexandre C, Peyrin 
F.  Synchrotron radiation microtomography allows 
the analysis of three-dimensional microarchitecture 
and degree of mineralization of human iliac crest 
biopsy specimens: effect of etidronate treatment. J 
Bone Miner Res. 2002;17:1372–82.

 98. Borah B, Ritman EL, Dufresne TE, Jorgensen SM, 
Liu S, Sacha J, Phipps RJ, Turner RT.  The effect 
of risedronate on bone mineralization as measured 
by micro-computed tomography with synchrotron 
radiation: correlation to histomorphometric indices 
of turnover. Bone. 2005;37:1–9.

 99. Bortel EL, Langer M, Rack A, Forien J-B, Duda 
GN, Fratzl P, Zaslansky P. Combining coherent hard 
X-ray tomographies with phase retrieval to generate 
three-dimensional models of forming bone. Front 
Mater. 2017;4:39.

 100. Boyde A, Jones SJ.  Backscattered electron imag-
ing of skeletal tissues. Metab Bone Dis Rel Res. 
1983;5:145–50.

 101. Bloebaum RD, Skedros JG, Vajda EG, Bachus KN, 
Constantz BR.  Determining mineral content varia-
tions in bone using backscattered electron imaging. 
Bone. 1997;20:485–90.

 102. Roschger P, Fratzl P, Eschberger J, Klaushofer 
K.  Validation of quantitative backscattered elec-
tron imaging for the measurement of mineral den-
sity distribution in human bone biopsies. Bone. 
1998;23:319–26.

 103. Roschger P, Gupta HS, Berzlanovich A, Ittner G, 
Dempster DW, Fratzl P, Cosman F, Parisien M, 
Lindsay R, Nieves JW, Klaushofer K. Constant min-
eralization density distribution in cancellous human 
bone. Bone. 2003;32:316–23.

 104. Koehne T, Vettorazzi E, Küsters N, Lüneburg 
R, Kahl-Nieke B, Püschel K, Amling M, Busse 
B. Trends in trabecular architecture and bone min-
eral density distribution in 152 individuals aged 

P. Roschger et al.

https://doi.org/10.1016/j.bone.2013.11.023
https://doi.org/10.1007/s10354-015-0369-2
https://doi.org/10.1007/s10354-015-0369-2
https://doi.org/10.1007/s00223-015-9977-5
https://doi.org/10.1007/s00223-015-9977-5
https://doi.org/10.1002/jbmr.2774
https://doi.org/10.1016/j.bone.2009.02.021
https://doi.org/10.1016/j.bone.2009.02.021
https://doi.org/10.1007/s11914-014-0238-8
https://doi.org/10.1007/s11914-014-0238-8
https://doi.org/10.1007/s00198-017-4019-y
https://doi.org/10.3233/XST-150481.


109

30–90 years. Bone. 2014;66:31–8. https://doi.
org/10.1016/j.bone.2014.05.010.

 105. Misof BM, Gamsjaeger S, Cohen A, Hofstetter 
B, Roschger P, Stein E, Nickolas TL, Rogers HF, 
Dempster D, Zhou H, Recker R, Lappe J, McMahon 
D, Paschalis EP, Fratzl P, Shane E, Klaushofer 
K.  Bone material properties in premenopausal 
women with idiopathic osteoporosis. J Bone Miner 
Res. 2012;27(12):2551–61. https://doi.org/10.1002/
jbmr.1699.

 106. Balasubramanian M, Fratzl-Zelman N, O'Sullivan 
R, Bull M, Fa Peel N, Pollitt RC, Jones R, Milne 
E, Smith K, Roschger P, Klaushofer K, Bishop 
NJ. Novel PLS3 variants in X-linked osteoporosis: 
exploring bone material properties. Am J Med Genet 
A. 2018; https://doi.org/10.1002/ajmg.a.38830. 
[Epub ahead of print].

 107. Blouin S, Fratzl-Zelman N, Glorieux FH, 
Roschger P, Klaushofer K, Marini JC, Rauch 
F.  Hypermineralization and high osteocyte lacu-
nar density in osteogenesis imperfecta type V 
bone indicate exuberant primary bone formation. J 
Bone Miner Res. 2017;32(9):1884–92. https://doi.
org/10.1002/jbmr.3180. Epub 2017 Jun 26.

 108. Webb EA, Balasubramanian M, Fratzl-Zelman N, 
Cabral WA, Titheradge H, Alsaedi A, Saraff V, Vogt 
J, Cole T, Stewart S, Crabtree NJ, Sargent BM, 
Gamsjaeger S, Paschalis EP, Roschger P, Klaushofer 
K, Shaw NJ, Marini JC, Högler W.  Phenotypic 
Spectrum in osteogenesis imperfecta due to muta-
tions in TMEM38B: unraveling a complex cellular 
defect. J Clin Endocrinol Metab. 2017;102(6):2019–
28. https://doi.org/10.1210/jc.2016-3766.

 109. Ciarelli TE, Fyhrie DP. Parfitt AM effects of verte-
bral bone fragility and bone formation rate on the 
mineralization levels of cancellous bone from white 
females. Bone. 2003;32(3):311–5.

 110. Fratzl P.  Bone fracture: when the cracks begin to 
show. Nat Mater. 2008;7(8):610–2.

 111. Koester KJ, Ager JW 3rd, Ritchie RO. The true tough-
ness of human cortical bone measured with realisti-
cally short cracks. Nat Mater. 2008;7(8):672–7.

 112. Donnelly E, Meredith DS, Nguyen JT, Boskey 
AL.  Bone tissue composition varies across ana-
tomic sites in the proximal femur and the iliac 
crest. J Orthop Res. 2012;30(5):700–6. https://doi.
org/10.1002/jor.21574.

 113. Kingsmill VJ, Gray CM, Moles DR, Boyde 
A. Cortical vascular canals in human mandible and 
other bones. J Dent Res. 2007;86(4):368–72.

 114. Fratzl-Zelman N, Roschger P, Gourrier A, Weber 
M, Misof BM, Loveridge N, Reeve J, Klaushofer 
K, Fratzl P.  Combination of nanoindentation and 
quantitative backscattered electron imaging revealed 
altered bone material properties associated with fem-
oral neck fragility. Calcif Tissue Int. 2009;85(4):335–
43. https://doi.org/10.1007/s00223-009-9289-8.

 115. Loveridge N, Power J, Reeve J, Boyde A. Bone min-
eralization density and femoral neck fragility. Bone. 
2004;35(4):929–41.

 116. Parfitt AM. Misconceptions (2): turnover is always 
higher in cancellous than in cortical bone. Bone. 
2002;30:807–9.

 117. Duboeuf F, Burt-Pichat B, Farlay D, Suy P, Truy E, 
Boivin G. Bone quality and biomechanical function: 
a lesson from human ossicles. Bone. 2015;73:105–
10. https://doi.org/10.1016/j.bone.2014.12.009.

 118. Misof BM, Dempster DW, Zhou H, Roschger P, 
Fratzl-Zelman N, Fratzl P, Silverberg SJ, Shane E, 
Cohen A, Stein E, Nickolas TL, Recker RR, Lappe 
J, Bilezikian JP, Klaushofer K. Relationship of bone 
mineralization density distribution (BMDD) in 
cortical and cancellous bone within the iliac crest 
of healthy premenopausal women. Calcif Tissue 
Int. 2014;95(4):332–9. https://doi.org/10.1007/
s00223-014-9901-4.

 119. Eastell R, O'Neill TW, Hofbauer LC, Langdahl B, 
Reid IR, Gold DT, Cummings SR. Postmenopausal 
osteoporosis. Nat Rev Dis Primers. 2016;2:16069. 
https://doi.org/10.1038/nrdp.2016.69. Review.

 120. Whyte MP, Bergfeld MA, Murphy WA, Avioli LV, 
Teitelbaum SL.  Postmenopausal osteoporosis: a 
heterogeneous disorder as assessed by histomorpho-
metric analysis of iliac crest bone from untreated 
patients. Am J Med. 1982;72:193–202.

 121. Arlot ME, Delmas PD, Cappard D, Meunier 
PJ.  Trabecular and endocortical bone remodeling 
in postmenopausal osteoporosis: comparison with 
normal postmenopausal women. Osteoporosis Int. 
1990;1:41–9.

 122. Rehman MTA, Hoyland JA, Denton J, Freemont 
AJ.  Histomorphometric classification of post-
menopausal osteoporosis: implications for the 
management of osteoporosis. J Clin Pathol. 
1995;48:229–35.

 123. Recker R, Lappe J, Davies KM, Heaney R. Bone 
remodeling increases substantially in the years 
after menopause and remains increased in 
older osteoporosis patients. J Bone Miner Res. 
2004;19:1628–33.

 124. Han Z-H, Palnitkar S, Sudhaker Rao D, Nelson D, 
Parfitt AM.  Effects of ethnicity and age or meno-
pause on the remodeling and turnover of iliac bone: 
implications for mechanisms of bone loss. J Bone 
Miner Res. 1997;12:498–508.

 125. Borah B, Dufresne TE, Ritman EL, Jorgensen SM, 
Liu S, Chmielewski PA, Phipps RJ, Zhou X, Sibonga 
JD, Turner RT. Long-term risedronate treatment nor-
malizes mineralization and continues to preserve 
trabecular architecture: sequential triple biopsy 
studies with micro-computed tomography. Bone. 
2006;39:345–52.

 126. Roschger P, Rinnerthaler S, Yates J, Rodan GA, 
Fratzl P, Klaushofer K. Alendronate increases degree 
and uniformity of mineralization in cancellous bone 
and decreases the porosity in cortical bone of osteo-
porotic women. Bone. 2001;29(2):185–91.

 127. Faibish D, Ott SM, Boskey AL.  Mineral changes 
in osteoporosis. A Review Clin Orthop Relat Res. 
2006;443:28–38.

5 Basic Aspects of Bone Mineralization

https://doi.org/10.1016/j.bone.2014.05.010
https://doi.org/10.1016/j.bone.2014.05.010
https://doi.org/10.1002/jbmr.1699
https://doi.org/10.1002/jbmr.1699
https://doi.org/10.1002/ajmg.a.38830
https://doi.org/10.1002/jbmr.3180
https://doi.org/10.1002/jbmr.3180
https://doi.org/10.1210/jc.2016-3766
https://doi.org/10.1002/jor.21574
https://doi.org/10.1002/jor.21574
https://doi.org/10.1007/s00223-009-9289-8
https://doi.org/10.1016/j.bone.2014.12.009
https://doi.org/10.1007/s00223-014-9901-4
https://doi.org/10.1007/s00223-014-9901-4
https://doi.org/10.1038/nrdp.2016.69


110

 128. Zoehrer R, Roschger P, Fratzl P, Durchschlag E, 
Paschalis E, Phipps R, Klaushofer K. Effects of 3- 
and 5-year treatment with risedronate on the bone 
mineral density distribution of cancellous bone 
in human iliac crest biopsies. J Bone Miner Res. 
2006;21:1106–12.

 129. Boskey AL, DiCarlo E, Paschalis E, West P, 
Mendelsohn R. Comparison of mineral quality and 
quantity in iliac crest biopsies from high- and low- 
turnover osteoporosis: an FT-IR microspectroscopic 
investigation. Osteoporos Int. 2005;16(12):2031–8.

 130. Roschger P, Misof B, Paschalis E, Fratzl P, 
Klaushofer K.  Changes in the degree of mineral-
ization with osteoporosis and its treatment. Curr 
Osteoporos Rep. 2014;12(3):338–50. https://doi.
org/10.1007/s11914-014-0218-z. Review.

 131. Dempster DW, Brown JP, Fahrleitner-Pammer A, 
Kendler D, Rizzo S, Valter I, Wagman RB, Yin X, 
Yue SV, Boivin G. Effects of long-term denosumab 
on bone histomorphometry and mineralization in 
women with postmenopausal osteoporosis. J Clin 
Endocrinol Metab. 2018; https://doi.org/10.1210/
jc.2017-02669. [Epub ahead of print].

 132. Roschger P, Dempster DW, Zhou H, Paschalis EP, 
Silverberg SJ, Shane E, Bilezikian JP, Klaushofer 
K.  New observations on bone quality in mild pri-
mary hyperparathyroidism as determined by quanti-
tative backscattered electron imaging. J Bone Miner 
Res. 2007;22:717–23.

 133. Misof BM, Roschger P, Dempster DW, Zhou H, 
Bilezikian JP, Klaushofer K, Rubin MR. PTH(1-84) 
administration in hypoparathyroidism transiently 
reduces bone matrix mineralization. J Bone Miner 
Res. 2016;31(1):180–9. https://doi.org/10.1002/
jbmr.2588.

 134. Misof BM, Roschger P, Klaushofer K, Rauch F, Ma 
J, Mack DR, Ward LM. Increased bone matrix min-
eralization in treatment-naïve children with inflam-
matory bowel disease. Bone. 2017;105:50–6. https://
doi.org/10.1016/j.bone.2017.07.011.

 135. Fratzl-Zelman N, Valta H, Pereira RC, Misof 
BM, Roschger P, Jalanko H, Wesseling-Perry K, 
Klaushofer K, Mäkitie O.  Abnormally high and 
heterogeneous bone matrix mineralization after 
childhood solid organ transplantation: a complex 
pathology of low bone turnover and local defects in 
mineralization. J Bone Miner Res. 2017;32(5):1116–
25. https://doi.org/10.1002/jbmr.3087.

 136. Nawrot-Wawrzyniak K, Misof BM, Roschger 
P, Pańczyk-Tomaszewska M, Ziółkowska H, 
Klaushofer K.  Fratzl-Zelman N changes in bone 
matrix mineralization after growth hormone treat-
ment in children and adolescents with chronic kid-
ney failure treated by dialysis: a paired biopsy study. 
Am J Kidney Dis. 2013;61(5):767–77.

 137. Gourion-Arsiquaud S, Lukashova L, Power J, 
Loveridge N, Reeve J, Boskey AL.  Fourier trans-
form infrared imaging of femoral neck bone: reduced 
heterogeneity of mineral-to-matrix and carbonate-

to-phosphate and more variable crystallinity in treat-
ment-naive fracture cases compared with fracture-free 
controls. J Bone Miner Res. 2013;28(1):150–61. 
https://doi.org/10.1002/jbmr.1724.

 138. Paschalis EP, Gamsjaeger S, Dempster D, Jorgetti V, 
Borba V, Boguszewski CL, Klaushofer K, Moreira 
CA. Fragility fracture incidence in chronic obstruc-
tive pulmonary disease (COPD) patients associ-
ates with Nanoporosity, mineral/matrix ratio, and 
Pyridinoline content at actively bone-forming tra-
becular surfaces. J Bone Miner Res. 2017;32(1):165–
71. https://doi.org/10.1002/jbmr.2933.

 139. Seitz S, Koehne T, Ries C, De Novo OA, Barvencik F, 
Busse B, Eulenburg C, Schinke T, Püschel K, Rueger 
JM, Amling M, Pogoda P. Impaired bone mineraliza-
tion accompanied by low vitamin D and secondary 
hyperparathyroidism in patients with femoral neck 
fracture. Osteoporos Int. 2013;24(2):641–9. https://
doi.org/10.1007/s00198-012-2011-0.

 140. Boivin G, Bala Y, Doublier A, Farlay D, Ste-Marie 
LG, Meunier PJ, Delmas PD. The role of mineraliza-
tion and organic matrix in the microhardness of bone 
tissue from controls and osteoporotic patients. Bone. 
2008;43:532–8.

 141. Fratzl-Zelman N, Roschger P, Misof BM, Nawrot- 
Wawrzyniak K, Pötter-Lang S, Muschitz C, Resch 
H, Klaushofer K, Zwettler E. Fragility fractures in 
men with idiopathic osteoporosis are associated with 
undermineralization of the bone matrix without evi-
dence of increased bone turnover. Calcif Tissue Int. 
2011;88(5):378–87.

 142. Misof BM, Patsch JM, Roschger P, Muschitz C, 
Gamsjaeger S, Paschalis EP, Prokop E, Klaushofer 
K, Pietschmann P, Resch H.  Intravenous treatment 
with ibandronate normalizes bone matrix mineral-
ization and reduces cortical porosity after two years 
in male osteoporosis: a paired biopsy study. J Bone 
Miner Res. 2013; https://doi.org/10.1002/jbmr.2035.

 143. Stewart TL, Roschger P, Misof BM, Mann V, Fratzl 
P, Klaushofer K, Aspden R. Ralston SH association 
of COLIA1 Sp1 alleles with defective bone nodule 
formation in vitro and abnormal bone mineralization 
in vivo. Calcif Tissue Int. 2005;77(2):113–8.

 144. Braga V, Gatti D, Rossini M, Colapietro F, Battaglia 
E, Viapiana O, Adami S.  Bone turnover markers 
in patients with osteogenesis imperfecta. Bone. 
2004;34(6):1013–6.

 145. Bishop N. Bone material properties in osteogenesis 
imperfecta. J Bone Miner Res. 2016;31(4):699–708. 
https://doi.org/10.1002/jbmr.2835. Review.

 146. Lindahl K, Barnes AM, Fratzl-Zelman N, Whyte MP, 
Hefferan TE, Makareeva E, Brusel M, Yaszemski 
MJ, Rubin CJ, Kindmark A, Roschger P, Klaushofer 
K, McAlister WH, Mumm S, Leikin S, Kessler 
E, Boskey AL, Ljunggren O, Marini JC.  COL1 
C-propeptide cleavage site mutations cause high 
bone mass osteogenesis imperfecta. Hum Mutat. 
2011;32(6):598–609. https://doi.org/10.1002/
humu.21475.

P. Roschger et al.

https://doi.org/10.1007/s11914-014-0218-z
https://doi.org/10.1007/s11914-014-0218-z
https://doi.org/10.1210/jc.2017-02669
https://doi.org/10.1210/jc.2017-02669
https://doi.org/10.1002/jbmr.2588
https://doi.org/10.1002/jbmr.2588
https://doi.org/10.1016/j.bone.2017.07.011
https://doi.org/10.1016/j.bone.2017.07.011
https://doi.org/10.1002/jbmr.3087
https://doi.org/10.1002/jbmr.1724
https://doi.org/10.1002/jbmr.2933
https://doi.org/10.1007/s00198-012-2011-0
https://doi.org/10.1007/s00198-012-2011-0
https://doi.org/10.1002/jbmr.2035
https://doi.org/10.1002/jbmr.2835
https://doi.org/10.1002/humu.21475
https://doi.org/10.1002/humu.21475


111

 147. Cundy T, Dray M, Delahunt J, Hald JD, Langdahl 
B, Li C, Szybowska M, Mohammed S, Duncan 
EL, McInerney-Leo AM, Wheeler PG, Roschger 
P, Klaushofer K, Rai J, Weis M, Eyre D, Schwarze 
U, Byers PH.  Mutations that Alter the carboxy- 
terminal- Propeptide cleavage site of the chains 
of type I procollagen are associated with a unique 
osteogenesis imperfecta phenotype. J Bone Miner 
Res. 2018; https://doi.org/10.1002/jbmr.3424. [Epub 
ahead of print].

 148. Fratzl-Zelman N, Schmidt I, Roschger P, Roschger 
A, Glorieux FH, Klaushofer K, Wagermaier W, 
Rauch F, Fratzl P.  Unique micro- and nano-scale 
mineralization pattern of human osteogenesis imper-
fecta type VI bone. Bone. 2015;73:233–41. https://
doi.org/10.1016/j.bone.2014.12.023.

 149. Cheung M, Roschger P, Klaushofer K, Veilleux LN, 
Roughley P, Glorieux FH, Rauch F. Cortical and tra-
becular bone density in X-linked hypophosphatemic 
rickets. J Clin Endocrinol Metab. 2013;98(5):E954–
61. https://doi.org/10.1210/jc.2012-4133. Epub 
2013 Mar 26.

 150. Bartko J, Roschger P, Zandieh S, Brehm A, Zwerina 
J, Klaushofer K.  Hypophosphatemia, severe bone 
pain, gait disturbance, and fatigue fractures after 
Iron substitution in inflammatory bowel disease: a 
case report. J Bone Miner Res. 2018;33(3):534–9. 
https://doi.org/10.1002/jbmr.3319.

 151. Whyte MP.  Hypophosphatasia  – aetiology, nosol-
ogy, pathogenesis, diagnosis and treatment. Nat 
Rev Endocrinol. 2016;12(4):233–46. https://doi.
org/10.1038/nrendo.2016.14. Review.

 152. Whyte MP, Rockman-Greenberg C, Ozono K, Riese 
R, Moseley S, Melian A, Thompson DD, Bishop 
N, Hofmann C.  Asfotase alfa treatment improves 
survival for perinatal and infantile hypophosphata-
sia. J Clin Endocrinol Metab. 2016;101(1):334–42. 
https://doi.org/10.1210/jc.2015-3462.

 153. Mornet E.  Hypophosphatasia. Metabolism. 
2018;82:142–55. https://doi.org/10.1016/j.
metabol.2017.08.013. Epub 2017 Sep 20. Review.

 154. Berkseth KE, Tebben PJ, Drake MT, Hefferan 
TE, Jewison DE, Wermers RA.  Clinical spec-
trum of hypophosphatasia diagnosed in adults. 
Bone. 2013;54(1):21–7. https://doi.org/10.1016/j.
bone.2013.01.024.

 155. Barvencik F, Beil FT, Gebauer M, Busse B, Koehne 
T, Seitz S, Zustin J, Pogoda P, Schinke T, Amling 
M.  Skeletal mineralization defects in adult hypo-
phosphatasia  – a clinical and histological analysis. 
Osteoporos Int. 2011;22(10):2667–75. https://doi.
org/10.1007/s00198-011-1528-y.

 156. Whyte MP.  Hypophosphatasia: enzyme replace-
ment therapy brings new opportunities and new 
challenges. J Bone Miner Res. 2017;32(4):667–75. 
https://doi.org/10.1002/jbmr.3075. Review.

 157. Liu J, Campbell C, Nam HK, Caron A, Yadav MC, 
Millán JL, Hatch NE. Enzyme replacement for cra-
niofacial skeletal defects and craniosynostosis in 

murine hypophosphatasia. Bone. 2015;78:203–11. 
https://doi.org/10.1016/j.bone.2015.05.005.

 158. Gasque KC, Foster BL, Kuss P, Yadav MC, Liu J, 
Kiffer-Moreira T, van Elsas A, Hatch N, Somerman 
MJ, Millán JL. Improvement of the skeletal and den-
tal hypophosphatasia phenotype in Alpl−/− mice 
by administration of soluble (non-targeted) chime-
ric alkaline phosphatase. Bone. 2015;72:137–47. 
https://doi.org/10.1016/j.bone.2014.11.017.

 159. Dempster DW, Roschger P, Misof BM, Zhou H, 
Paschalis EP, Alam J, Ruff VA, Klaushofer K, Taylor 
KA.  Differential effects of teriparatide and zole-
dronic acid on bone mineralization density distri-
bution at 6 and 24 months in the SHOTZ study. J 
Bone Miner Res. 2016;31(8):1527–35. https://doi.
org/10.1002/jbmr.2825.

 160. Naylor KE, Jacques RM, Paggiosi M, Gossiel F, Peel 
NF, McCloskey EV, Walsh JS, Eastell R. Response 
of bone turnover markers to three oral bisphospho-
nate therapies in postmenopausal osteoporosis: the 
TRIO study. Osteoporos Int. 2016;27(1):21–31. 
https://doi.org/10.1007/s00198-015-3145-7.

 161. Ruffoni D, Fratzl P, Roschger P, Phipps R, Klaushofer 
K, Weinkamer R. Effect of temporal changes in bone 
turnover on the bone mineralization density distri-
bution: a computer simulation study. J Bone Miner 
Res. 2008;23(12):1905–14. https://doi.org/10.1359/
jbmr.080711.

 162. Boivin G, Lips P, Ott SM, Harper KD, Sarkar S, 
Pinette KV, Meunier PJ. Contribution of raloxifene 
and calcium and vitamin D3 supplementation to the 
increase of the degree of mineralization of bone in 
postmenopausal women. J Clin Endocrinol Metab. 
2003;88(9):4199–205.

 163. McClung MR. New management options for osteo-
porosis with emphasis on SERMs. Climacteric. 
2015;18(Suppl 2):56–61. https://doi.org/10.3109/13
697137.2015.1104010. Review.

 164. Boivin G, Vedi S, Purdie DW, Compston JE, Meunier 
PJ. Influence of estrogen therapy at conventional and 
high doses on the degree of mineralization of iliac 
bone tissue: a quantitative microradiographic analy-
sis in postmenopausal women. Bone. 2005;36:562–7.

 165. Paschalis EP, Boskey AL, Kassem M, Eriksen 
EF. Effect of hormone replacement therapy on bone 
quality in early postmenopausal women. J Bone 
Miner Res. 2003;18(6):955–9.

 166. Russell RG.  Bisphosphonates: the first 40 years. 
Bone. 2011;49(1):2–19. https://doi.org/10.1016/j.
bone.2011.04.022. Review.

 167. Kenkre JS, Bassett J. The bone remodelling cycle. 
Ann Clin Biochem. 2018;55(3):308–27. https://doi.
org/10.1177/0004563218759371. Epub 2018 Mar 4.

 168. Roschger P, Lombardi A, Misof BM, Maier G, 
Fratzl-Zelman N, Kimmel D, LaMotta A, Fratzl P, 
Klaushofer K.  Mineralization density distribution 
of postmenopausal osteoporotic bone is restored to 
normal after long-term alendronate treatment: qBEI 
and sSAXS data from the fracture intervention trial 

5 Basic Aspects of Bone Mineralization

https://doi.org/10.1002/jbmr.3424
https://doi.org/10.1016/j.bone.2014.12.023
https://doi.org/10.1016/j.bone.2014.12.023
https://doi.org/10.1210/jc.2012-4133
https://doi.org/10.1002/jbmr.3319
https://doi.org/10.1038/nrendo.2016.14
https://doi.org/10.1038/nrendo.2016.14
https://doi.org/10.1210/jc.2015-3462
https://doi.org/10.1016/j.metabol.2017.08.013
https://doi.org/10.1016/j.metabol.2017.08.013
https://doi.org/10.1016/j.bone.2013.01.024
https://doi.org/10.1016/j.bone.2013.01.024
https://doi.org/10.1007/s00198-011-1528-y
https://doi.org/10.1007/s00198-011-1528-y
https://doi.org/10.1002/jbmr.3075
https://doi.org/10.1016/j.bone.2015.05.005
https://doi.org/10.1016/j.bone.2014.11.017
https://doi.org/10.1002/jbmr.2825
https://doi.org/10.1002/jbmr.2825
https://doi.org/10.1007/s00198-015-3145-7
https://doi.org/10.1359/jbmr.080711
https://doi.org/10.1359/jbmr.080711
https://doi.org/10.3109/13697137.2015.1104010
https://doi.org/10.3109/13697137.2015.1104010
https://doi.org/10.1016/j.bone.2011.04.022
https://doi.org/10.1016/j.bone.2011.04.022
https://doi.org/10.1177/0004563218759371
https://doi.org/10.1177/0004563218759371


112

long-term extension (FLEX). J Bone Miner Res. 
2010;25:48–55.

 169. Shane E, Burr D, Abrahamsen B, Adler RA, Brown 
TD, Cheung AM, Cosman F, Curtis JR, Dell R, 
Dempster DW, Ebeling PR, Einhorn TA, Genant 
HK, Geusens P, Klaushofer K, Lane JM, McKiernan 
F, McKinney R, Ng A, Nieves J, O'Keefe R, 
Papapoulos S, Howe TS, van der Meulen MC, 
Weinstein RS, Whyte MP. Atypical subtrochanteric 
and diaphyseal femoral fractures: second report of a 
task force of the American society for bone and min-
eral research. J Bone Miner Res. 2014;29(1):1–23. 
https://doi.org/10.1002/jbmr.1998.

 170. Misof BM, Roschger P, Gabriel D, Paschalis EP, 
Eriksen EF, Recker RR, Gasser JA, Klaushofer 
K.  Annual intravenous zoledronic acid for three 
years increased cancellous bone matrix mineraliza-
tion beyond normal values in the HORIZON biopsy 
cohort. J Bone Miner Res. 2013;28(3):442–8. https://
doi.org/10.1002/jbmr.1780.

 171. Krause M, Soltau M, Zimmermann EA, Hahn M, 
Kornet J, Hapfelmeier A, Breer S, Morlock M, 
Wulff B, Püschel K, Glueer CC, Amling M, Busse 
B.  Effects of long-term alendronate treatment on 
bone mineralisation, resorption parameters and bio-
mechanics of single human vertebral trabeculae. Eur 
Cell Mater. 2014;28:152–63; discussion 163–5.

 172. Misof BM, Roschger P, McMillan HJ, Ma J, 
Klaushofer K, Rauch F, Ward LM. Histomorphometry 
and bone matrix mineralization before and after 
bisphosphonate treatment in boys with Duchenne 
muscular dystrophy: a paired Transiliac biopsy 
study. J Bone Miner Res. 2016;31(5):1060–9. 
https://doi.org/10.1002/jbmr.2756.

 173. Misof BM, Blouin S, Lueger S, Paschalis EP, 
Recker RR, Phipps R, Klaushofer K, Roschger 
P.  Baseline mineralizing surface determines the 
magnitude of the bisphosphonate effect on cortical 
bone mineralization in postmenopausal osteopo-
rotic patients. J Musculoskelet Neuronal Interact. 
2017;17(3):183–91.

 174. Fuchs RK, Faillace ME, Allen MR, Phipps RJ, Miller 
LM, Burr DB. Bisphosphonates do not alter the rate 
of secondary mineralization. Bone. 2011;49(4):701–
5. https://doi.org/10.1016/j.bone.2011.05.009.

 175. Nancollas GH, Tang R, Phipps RJ, Henneman Z, 
Gulde S, Wu W, Mangood A, Russell RG, Ebetino 
FH. Novel insights into actions of bisphosphonates 
on bone: differences in interactions with hydroxy-
apatite. Bone. 2006;38(5):617–27.

 176. Hofstetter B, Gamsjaeger S, Phipps RJ, Recker RR, 
Ebetino FH, Klaushofer K, Paschalis EP. Effects of 
alendronate and risedronate on bone material prop-
erties in actively forming trabecular bone surfaces. J 
Bone Miner Res. 2012;27(5):995–1003. https://doi.
org/10.1002/jbmr.1572.

 177. Gamsjaeger S, Buchinger B, Zoehrer R, Phipps R, 
Klaushofer K, Paschalis EP. Effects of one year daily 
teriparatide treatment on trabecular bone material 

properties in postmenopausal osteoporotic women 
previously treated with alendronate or risedronate. 
Bone. 2011;49(6):1160–5. https://doi.org/10.1016/j.
bone.2011.08.015.

 178. Hofstetter B, Gamsjaeger S, Varga F, Dobnig H, 
Stepan JJ, Petto H, Pavo I, Klaushofer K, Paschalis 
EP. Bone quality of the newest bone formed after two 
years of teriparatide therapy in patients who were 
previously treatment-naïve or on long-term alendro-
nate therapy. Osteoporos Int. 2014;25(12):2709–19. 
https://doi.org/10.1007/s00198-014-2814-2.

 179. Bone HG, Wagman RB, Brandi ML, Brown 
JP, Chapurlat R, Cummings SR, Czerwiński E, 
Fahrleitner-Pammer A, Kendler DL, Lippuner 
K, Reginster JY, Roux C, Malouf J, Bradley MN, 
Daizadeh NS, Wang A, Dakin P, Pannacciulli N, 
Dempster DW, Papapoulos S. 10 years of deno-
sumab treatment in postmenopausal women with 
osteoporosis: results from the phase 3 randomised 
FREEDOM trial and open-label extension. Lancet 
Diabetes Endocrinol. 2017;5(7):513–23. https://doi.
org/10.1016/S2213-8587(17)30138-9.

 180. Reid IR, Miller PD, Brown JP, Kendler DL, 
Fahrleitner-Pammer A, Valter I, Maasalu K, 
Bolognese MA, Woodson G, Bone H, Ding B, 
Wagman RB, San Martin J, Ominsky MS, Dempster 
DW.  Denosumab phase 3 bone histology study 
group. Effects of denosumab on bone histomor-
phometry: the FREEDOM and STAND studies. J 
Bone Miner Res. 2010;25(10):2256–65. https://doi.
org/10.1002/jbmr.149.

 181. Marie PJ, Felsenberg D, Brandi ML. How strontium 
ranelate, via opposite effects on bone resorption 
and formation, prevents osteoporosis. Osteoporos 
Int. 2011;22(6):1659–67. https://doi.org/10.1007/
s00198-010-1369-0. Review.

 182. Chavassieux P, Meunier PJ, Roux JP, Portero-Muzy 
N, Pierre M, Chapurlat R.  Bone histomorphom-
etry of transiliac paired bone biopsies after 6 or 12 
months of treatment with oral strontium ranelate in 
387 osteoporotic women. Randomized comparison 
to alendronate. J Bone Miner Res. 2013; https://doi.
org/10.1002/jbmr.2074.

 183. Roschger P, Manjubala I, Zoeger N, Meirer F, Simon 
R, Li C, Fratzl-Zelman N, Misof BM, Paschalis EP, 
Streli C, Fratzl P, Klaushofer K. Bone material quality 
in transiliac bone biopsies of postmenopausal osteo-
porotic women after 3 years of strontium ranelate 
treatment. J Bone Miner Res. 2010;25(4):891–900. 
https://doi.org/10.1359/jbmr.091028.

 184. Li C, Paris O, Siegel S, Roschger P, Paschalis EP, 
Klaushofer K, Fratzl P.  Strontium is incorporated 
into mineral crystals only in newly formed bone 
during strontium ranelate treatment. J Bone Miner 
Res. 2010;25(5):968–75. https://doi.org/10.1359/
jbmr.091038.

 185. Riedel C, Zimmermann EA, Zustin J, Niecke M, 
Amling M, Grynpas M, Busse B. The incorporation 
of fluoride and strontium in hydroxyapatite affects 

P. Roschger et al.

https://doi.org/10.1002/jbmr.1998
https://doi.org/10.1002/jbmr.1780
https://doi.org/10.1002/jbmr.1780
https://doi.org/10.1002/jbmr.2756
https://doi.org/10.1016/j.bone.2011.05.009
https://doi.org/10.1002/jbmr.1572
https://doi.org/10.1002/jbmr.1572
https://doi.org/10.1016/j.bone.2011.08.015
https://doi.org/10.1016/j.bone.2011.08.015
https://doi.org/10.1007/s00198-014-2814-2
https://doi.org/10.1016/S2213-8587(17)30138-9
https://doi.org/10.1016/S2213-8587(17)30138-9
https://doi.org/10.1002/jbmr.149
https://doi.org/10.1002/jbmr.149
https://doi.org/10.1007/s00198-010-1369-0
https://doi.org/10.1007/s00198-010-1369-0
https://doi.org/10.1002/jbmr.2074
https://doi.org/10.1002/jbmr.2074
https://doi.org/10.1359/jbmr.091028
https://doi.org/10.1359/jbmr.091038
https://doi.org/10.1359/jbmr.091038


113

the composition, structure, and mechanical proper-
ties of human cortical bone. J Biomed Mater Res 
A. 2017;105(2):433–42. https://doi.org/10.1002/
jbm.a.35917.

 186. Riggs BL, Hodgson SF, O'Fallon WM, Chao EY, 
Wahner HW, Muhs JM, Cedel SL, Melton LJ 3rd. 
Effect of fluoride treatment on the fracture rate in 
postmenopausal women with osteoporosis. N Engl J 
Med. 1990;322(12):802–9.

 187. Chachra D, Vieira AP, Grynpas MD.  Fluoride 
and mineralized tissues. Crit Rev Biomed Eng. 
2008;36(2–3):183–223. Review.

 188. Fratzl P, Roschger P, Eschberger J, Abendroth 
B, Klaushofer K.  Abnormal bone mineralization 
after fluoride treatment in osteoporosis: a small- 
angle x-ray-scattering study. J Bone Miner Res. 
1994;9(10):1541–9.

 189. Gourrier A, Li C, Seigel S, Paris O, Roschger P, 
Klaushofer K, Fratzl P. Scanning small-angle X-ray 
scattering analysis of the size and organization of the 
mineral nanoparticles in fluorotic bone using a stack 
of cards model. J Appl Crystallogr. 2010;43:1385–92.

 190. Boivin G, Duriez J, Chapuy MC, Flautre B, 
Hardouin P, Meunier PJ.  Relationship between 
bone fluoride content and histological evidence of 
calcification defects in osteoporotic women treated 
long term with sodium fluoride. Osteoporos Int. 
1993;3(4):204–8.

 191. Rubin CD, Pak CY, Adams-Huet B, Genant HK, Li 
J, Rao DS. Sustained-release sodium fluoride in the 
treatment of the elderly with established osteoporo-
sis. Arch Intern Med. 2001;161(19):2325–33.

 192. Paschalis EP, Glass EV, Donley DW, Eriksen 
EF. Bone mineral and collagen quality in iliac crest 
biopsies of patients given teriparatide: new results 
from the fracture prevention trial. J Clin Endocrinol 
Metab. 2005;90:4644–9.

 193. Misof BM, Paschalis EP, Blouin S, Fratzl-Zelman 
N, Klaushofer K, Roschger P. Effects of 1 year of 
daily teriparatide treatment on iliacal bone min-
eralization density distribution (BMDD) in post-
menopausal osteoporotic women previously treated 
with alendronate or risedronate. J Bone Miner Res. 
2010;25(11):2297–303. https://doi.org/10.1002/
jbmr.198.

 194. Augustine M, Horwitz MJ.  Parathyroid hormone 
and parathyroid hormone-related protein analogs 
as therapies for osteoporosis. Curr Osteoporos Rep. 
2013;11(4):400–6.

 195. Moreira CA, Fitzpatrick LA, Wang Y, Recker 
RR.  Effects of abaloparatide-SC (BA058) on bone 
histology and histomorphometry: The ACTIVE 
phase 3 trial. Bone. 2017;97:314–9. https://doi.
org/10.1016/j.bone.2016.11.004.

 196. Ross RD, Edwards LH, Acerbo AS, Ominsky MS, 
Virdi AS, Sena K, Miller LM, Sumner DR.  Bone 
matrix quality after sclerostin antibody treatment. J 
Bone Miner Res. 2014;29(7):1597–607. https://doi.
org/10.1002/jbmr.2188.

 197. Roschger A, Roschger P, Keplingter P, Klaushofer 
K, Abdullah S, Kneissel M, Rauch F.  Effect of 
sclerostin antibody treatment in a mouse model of 
severe osteogenesis imperfecta. Bone. 2014;66:182–
8. https://doi.org/10.1016/j.bone.2014.06.015.

5 Basic Aspects of Bone Mineralization

https://doi.org/10.1002/jbm.a.35917
https://doi.org/10.1002/jbm.a.35917
https://doi.org/10.1002/jbmr.198
https://doi.org/10.1002/jbmr.198
https://doi.org/10.1016/j.bone.2016.11.004
https://doi.org/10.1016/j.bone.2016.11.004
https://doi.org/10.1002/jbmr.2188
https://doi.org/10.1002/jbmr.2188
https://doi.org/10.1016/j.bone.2014.06.015


115© Springer Nature Switzerland AG 2020 
B. Z. Leder, M. N. Wein (eds.), Osteoporosis, Contemporary Endocrinology, 
https://doi.org/10.1007/978-3-319-69287-6_6

Determinants of Peak Bone 
Mass Acquisition

René Rizzoli and Jean-Philippe Bonjour

 Definition and Importance of Peak 
Bone Mass

Peak bone mass (PBM) corresponds to the 
amount of bony tissue present at the end of skel-
etal maturation [1, 2]. It is a determinant of the 
risk of fractures later in life, since there is an 
inverse relationship between fracture risk and 
areal bone mineral density, in women as well as 
in men [3]. From epidemiological studies, it can 
be assumed that an increase of 10% of PBM in 
the female population, corresponding to approxi-
mately 1 standard deviation (SD), would be 
equivalent to retarding menopause by 14  years 
and be associated with a 50% decrease in the risk 
of fracture [4]. Bone mineral accumulation from 
infancy to postpuberty can be appreciated with 
the availability of noninvasive techniques able to 
accurately measure areal (a) or volumetric (v) 
bone mineral density (BMD) at several sites of 
the skeleton by either dual X-ray absorptiometry 
(DXA) or quantitative computed tomography 
(QCT), respectively [5]. Noninvasive specific 
evaluations of the cancellous and cortical bone 
compartments, even of trabecular microstructure, 
are also available. These techniques allow one to 
capture part of the change in the macroarchitec-
ture or geometry of the bones which, along with 
the mineral mass, strongly influence the resis-
tance to mechanical strain. This chapter attempts 
to summarize knowledge on the characteristics of 
normal bone mass development from infancy to 
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6

Key Points
• Peak bone mass (PBM) is a major deter-

minant of bone mass and bone fragility 
later in life.

• During adolescence, increase in bone 
mass is mainly due to an increase in 
bone size rather to changes in volumet-
ric bone density.

• Genetic factors are the main controllers 
of peak bone mass achievement.

• Environmental factors influencing peak 
bone mass achievement include physi-
cal activity, nutritional intakes (particu-
larly protein and calcium), and chronic 
diseases.
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the end of the skeleton maturation, and the 
genetic and environmental factors influencing 
bone mass accrual, hence PBM.

 Characteristics of Peak Bone 
Mass Acquisition

 Measurement of Bone Mass 
Development

Most of the information on the characteristics of 
skeletal growth during childhood and adoles-
cence has been obtained through noninvasive 
techniques allowing one to quantify bone mineral 
mass at various sites of the skeleton [5, 6]. The 
bone mass of a part of the skeleton is directly 
dependent upon both its volume or size, and the 
density of the mineralized tissue contained within 
its periosteal envelope. The mean volumetric 
mineral density of bony tissue (BMD in g of 
hydroxyapatite per cm3) can be determined non-
invasively by quantitative computed tomography 
(QCT). The technique of either single or dual 
X-ray (SXA, DXA) absorptiometry provides 
measurement of the so-called “areal” bone min-
eral density (aBMD in g of hydroxyapatite per 
cm2). The values generated by this technique are 
directly dependent upon both the size and the 
integrated mineral density of the scanned skeletal 
site. The latter variable is made of several compo-
nents including the cortical thickness, the num-
ber, and thickness of the trabeculae and the “true” 
mineral density corresponding to the amount of 
hydroxyapatite per unit volume of the bone 
organic matrix. The term bone mineral density 
without the additional “areal” qualification has 
been widely used with the general understanding 
that neither SXA nor DXA techniques provide a 
measurement of volumetric density. Therefore, 
aBMD is the summation of several structural 
components which may evolve differently in 
response to genetic and environmental factors. 
Nevertheless, aBMD remains of clinical rele-
vance in the context of osteoporosis [7]. Indeed, 
aBMD has been shown to be directly related to 
bone strength, that is, to the resistance of the 
skeleton to mechanical stress both in  vivo and 

in vitro [8–10]. There is an inverse relationship 
between aBMD values and the incidence of 
osteoporotic fractures [3].

In the spine, the total mineral content (BMC in 
g of hydroxyapatite) of the vertebrae, including 
the posterior arch, can be measured using the clas-
sical antero-posterior projection. BMC and aBMD 
of the vertebral body “isolated” from the vertebral 
posterior arch can also be obtained by using DXA 
in the lateral projection [11]. Low accuracy and 
precision preclude this measurement to be per-
formed in routine clinical practice. The so-called 
bone mineral “apparent” density (BMAD in g/
cm3) is an indirect and rather imprecise estimate of 
the volumetric skeletal density [12]. This extrapo-
lated variable can be expected to be less related to 
bone strength than aBMD, since it does not take 
into account the important geometry component 
that influences the mechanical resistance [8].

Therefore, in terms of overall bone strength 
prediction, aBMD/BMC values are more infor-
mative than the isolated measurement of volu-
metric trabecular density, since the former 
variable includes both bone geometry, cortical 
thickness, and its integrated volumetric density. 
This statement does not mean that other vari-
ables, which are more difficult to accurately 
assess, such as the microstructure of the trabecu-
lar network [13] and/or the material level proper-
ties of the mineralized tissue, do not contribute to 
the resistance to mechanical force. Furthermore, 
it is obvious that a full understanding of the fun-
damental mechanisms that underlie the marked 
interindividual variability observed in bone mass 
gain will require separate analysis of how bone 
size, cortical thickness, volumetric trabecular 
density, and microstructure evolve during growth 
and to identify which are the main respective 
genetic and environmental factors that determine 
the development of each of these three important 
contributors to bone strength in adulthood.

 Bone Mass Development

There is no evidence for a gender difference in 
bone mass at birth. Likewise, the volumetric 
bone mineral density appears to be also similar 
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between female and male newborns [14]. This 
absence of substantial sex difference in bone 
mass is maintained until the onset of pubertal 
maturation [15, 16]. During puberty, the gender 
difference in bone mass becomes apparent [17]. 
This difference appears to be mainly due to a 
prolonged period of bone maturation in males 
versus females (Fig. 6.1), with a larger increase 
in bone size and cortical thickness [18]. Puberty 
affects much more the bone size than the volu-
metric mineral density [19]. There is no signifi-
cant sex difference in the volumetric trabecular 
density at the end of pubertal maturation [16]. 
During puberty, aBMD changes at both the lum-
bar spine and femoral neck levels and increases 
four- to sixfold over 3- and 4-year periods in 
females and males, respectively [18]. The 
change in bone mass accumulation rate is less 
marked in long bone diaphysis [18]. During 
pubertal maturation, cortical thickness increases 
by periosteal apposition in males and by inhibi-
tion of endosteal resorption in females [17]. 
There is an asynchrony between the gain in 
standing height and the accumulation of bone 
mineral mass during pubertal maturation [15, 
18, 20]. This phenomenon may be responsible 

for the occurrence of a transient fragility that 
may contribute to the higher incidence of frac-
ture known to occur when the dissociation 
between the rate of statural growth and mineral 
mass accrual is maximal [21–23]. Another 
mechanism involves a transient period during 
puberty of higher cortical porosity, particularly 
detectable in males [24, 25, 26].

 Time of Peak Bone Mass Attainment

In adolescent females, bone mass gains decline 
rapidly after menarche [18] such that bone mass 
accrual essentially stops by approximately 
2 years after menarche (Fig. 6.1) [18]. In ado-
lescent males, the gain in BMD/BMC which is 
particularly high from 13 to 17 years markedly 
declines thereafter, although it remains signifi-
cant between 17 and 20  years in both L2–L4 
BMD/BMC and midfemoral shaft BMD [18]. 
In contrast, no significant increase is observed 
for femoral neck BMD.  In subjects having 
reached pubertal stage P5 and growing less than 
1 cm/year, a significant bone mass gain is still 
present in male but not in female individuals. 
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∆L2-L4 aBMDFig. 6.1 Yearly increase 
in L2–L4 aBMD during 
puberty in females and 
males. High bone 
accrual rate lasts 
between 11 and 14, and 
between 13 and 
17 years, in girls and 
boys, respectively. 
(Reprinted from Theintz 
et al. [18]. With 
permission from Oxford 
University Press)
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This  suggests an important sex difference in the 
magnitude and/or duration of the so-called 
“consolidation” phenomenon that contributes 
to PBM level.

Observations made with QCT technology also 
indicate that the maximal volumetric bone min-
eral density of the lumbar vertebral body is 
achieved soon after menarche since no difference 
is observed between the mean values of 16-year- 
old and 30-year-old subjects [27, 28]. This is in 
agreement with numerous observations indicat-
ing that bone mass does not increase from the 
third to the fifth decades. All available data do not 
sustain the concept that bone mass at any skeletal 
site, in both genders, in all races and in any geo-
graphical area around the world continues to sub-
stantially accumulate until the fourth decade. On 
the contrary, numerous cross-sectional studies 
suggest that proximal femur areal BMD begins to 
decline already early in the third decade [29].

Bone outer dimensions can become larger 
during the adult life. This phenomenon has been 
documented by measuring the external diameter 
of several bones by radiogrammetry [17, 30, 31]. 
It may be the consequence of an increased end-
osteal bone resorption with enlargement in the 
internal diameter. Such a modeling phenomenon 
would be a response to bone loss, tending to 
compensate the reduction in the mechanical 
resistance [32].

 Peak Bone Mass Variance

At the beginning of the third decade of life, there 
is a large variability in the normal values of 
aBMD in axial and appendicular skeleton [19]. 
This large variance is barely reduced after correc-
tion for standing height, and it does not appear to 
substantially increase during adult life. The 
height-independent broad variance in bone mass 
which is already present before puberty appears 
to increase further during pubertal maturation at 
sites such as lumbar spine and femoral neck [15, 
18]. In young healthy adults, the biological vari-
ance in lumbar spine BMC is – four to five times 
larger than that of standing height; the latter does 
not increase during puberty [20].

 Calcium–Phosphate Metabolism 
during Growth

Two adaptive mechanisms affecting calcium- 
phosphate metabolism during growth appear to be 
particularly important, namely the increase in the 
plasma concentration of 1,25- dihydroxyvitamin 
D3 (calcitriol), and the stimulation of the renal 
tubular reabsorption of inorganic phosphate (Pi) 
(Fig.  6.2). The increased production and higher 
plasma level of calcitriol enhance the capacity of 
the intestinal epithelium to absorb both calcium 
and Pi. The increase in the tubular reabsorption of 
Pi results in a rise in its extracellular concentra-
tion. These two concerted adaptive responses con-
tribute to optimal growth and mineralization. The 
increase in tubular Pi reabsorption is not mediated 
by a rise in the renal production or in the plasma 
level of calcitriol, but it appears to be a response 

Fig. 6.2 Role of insulin-like growth factor-I (IGF-I) in 
calcium phosphate metabolism during pubertal matura-
tion in relation with essential nutrients for bone growth. 
During the pubertal bone growth spurt, there is a rise in 
circulating IGF-I.  The hepatic production of IGF-I is 
under the positive influence of growth hormone (GH) and 
essential amino acids (a.a.). IGF-I stimulates bone growth. 
At the kidney level, IGF-I increases both the 
1,25- dihydroxyvitamin D (1,25 D) synthesis from 
25-hydroxyvitamin D (25D) and the maximal tubular 
reabsorption of Pi (TmPi). By this dual renal action IGF-I 
favors a positive calcium and phosphate balance as 
required by the increased bone mineral accrual.
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to higher insulin-like growth factor-I (IGF-I) 
 levels [33].

These two adaptive mechanisms could be 
essential to cope with the increased bone mineral 
demand during the pubertal growth spurt. An 
increase in plasma calcitriol concentrations has 
been reported during pubertal maturation [34]. A 
tight relationship exists between tubular reab-
sorption of Pi, plasma Pi level, and growth veloc-
ity in children [35]. A rise in plasma Pi occurs 
during puberty [36, 37].

The mechanism underlying the parallel rise 
in calcitriol and the tubular reabsorption of Pi 
involves insulin-like growth factor-I (IGF-I), 
which could be responsible for the stimulation 
of both calcitriol production and tubular Pi reab-
sorption (TmPi/GFR) in relation to the increased 
calcium and Pi demand associated with bone 
growth [38]. In humans, IGF-I plasma level 
transiently rises during pubertal maturation, to 
reach a peak during mid-puberty. Its maximal 
level thus occurs at an earlier chronological age 
in females than in males [39]. IGF-I, whose 
growth hormone- dependent production is influ-
enced by dietary protein intakes [40], enhances 
longitudinal and radial bone growth, increases 
renal tubular reabsorption of phosphate and 
stimulates renal calcitriol synthesis. The rise in 
IGF-I, calcitriol, and Pi plasma levels are cor-
related with elevation in indices of the bone 
appositional rate such as alkaline phosphatase 
[41] and osteocalcin [42]. Plasma concentra-
tions of gonadal sex hormones, as well as those 
of adrenal androgens (dehydroepiandrosterone 
and androstendione), which increase before and 
during pubertal maturation, do not seem to 
accord with the accelerated bone mass gain 
[43]. Whether differences in the adaptive 
responses which control calcium and phosphate 
homeostasis could play a role in the increased 
variance in lumbar spine or femoral neck BMD/
BMC remains to be explored. The interaction 
between the growth hormone-IGF-I axis and sex 
steroids is quite complex [42]. A bone-derived 
factor, FGF23, has been suggested to contribute 
to the bone-kidney link [44]. In young adults, 
serum FGF23 concentrations are influenced by 
dietary phosphorus intakes [45].

 Bone Biochemical Markers 
DuringPuberty

The interpretation of the changes in bone bio-
chemical markers during growth is more com-
plex than in adulthood (see for review [42]). The 
plasma concentrations of the bone formation 
markers are the highest when the velocity of bone 
mineral accrual is maximal. This suggests that 
the two phenomena are related. The high urinary 
excretion of bone resorption markers, such as 
collagen pyridinium cross-links, observed during 
childhood, decreases after the growth spurt and 
reaches adult values at the end of pubertal matu-
ration, that is, at 15–16 and 17–18 years of age in 
girls and boys, respectively (see for review [42]). 
In a longitudinal study in pubertal girls, bone 
turnover markers (osteolcalcin, bone specific 
alkaline phosphatase, and collagen pyridium 
cross-links) were modestly related to statural 
height gain, but not predictive of gains in either 
total bone mineral content or density as assessed 
by DXA [46].

 Determinants of Bone Mass Gain

The factors influencing bone mass accumulation 
during growth include heredity, sex, dietary 
intakes (calcium and proteins), endocrine factors 
(sex steroids, calcitriol, and IGF-I), mechanical 
forces (physical activity and body weight), and 
exposure to other risk factors [1, 47, 48]. 
Quantitatively, the most prominent determinant 
appears to be genetically related.

 Genetic Determinants

As mentioned earlier, the statural height- 
independent variability in lumbar spine and prox-
imal femur BMD/BMC increases during pubertal 
maturation. The contribution of heredity, com-
pared to that of the environment, to this increased 
bone mass variability is not clearly elucidated. 
Genetic factors account for a large percentage of 
the population variability in BMD among age- 
and sex-matched normal individuals [47, 48]. 
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Daughters of osteoporotic women have a low 
BMD [49]. To investigate the proportion of the 
BMD variance across the population explained 
by genetic factors, known as its heritability, two 
human models have been mainly used. In the 
twin model, within-pairs correlations for BMD 
are compared between monozygotic (MZ) twins, 
who by essence share 100% of their genes, and 
dizygotic twins, who have 50% of their genes in 
common. Stronger correlation coefficients among 
adult MZ as compared to DZ twins are indicative 
of the genetic influence on PBM. Genetic factors 
could explain as much as 80% of lumbar spine 
and proximal femur BMD variance. Lean and fat 
mass are also genetically determined [50], since 
it appears that 80% and 65% of variance of lean 
and fat mass, respectively, are attributable to 
genetic factors.

Parents–offspring comparisons have also 
shown significant relationships for BMD, albeit 
heritability estimates have been somewhat lower 
(in the range of 60%) than in the twin model. 
Actually, the magnitude of direct genetic effects 
on PBM as evaluated in both human models may 
be overestimated by similarities in environmental 
covariates [51]. BMC, areal and volumetric BMD 
and scanned bone area in the lumbar spine and 
femur (neck, trochanter, and diaphysis) were com-
pared in premenopausal women and in their pre-
pubertal daughters [52]. Regressions were adjusted 
for height, weight, and calcium intake, to mini-
mize the impact of indirect genetic effects as well 
as of dietary influences on bone mineral mass 
resemblance among relatives. Despite great dis-
parities in the various constituents of bone mass 
before puberty with respect to peak adult values, 
heredity by maternal descent is detectable at all 
skeletal sites and affects virtually all bone mass 
constituents, including bone size and volumetric 
BMD.  Moreover, when daughters’ bone values 
were reevaluated 2 years later, while puberty had 
begun and BMC/BMD had considerably increased, 
measurements were highly correlated with prepu-
bertal values and mother–daughter correlations 
remained unchanged. Thus, a major proportion of 
this variance is due to genetic factors which are 
already expressed before puberty with subsequent 
tracking of bone mass constituents through the 

phase of rapid pubertal growth until PBM is 
achieved. Applying high resolution peripheral 
QCT to mother–daughter and mother–son pairs, 
volumetric bone density and microstructure are 
highly and similarly inherited between and within 
sexes, even after various adjustments including 
age, weight, height, gonadal status, and aBMD 
[53]. In contrast to the clear heritability of PBM, 
the proportion of the variance of bone turnover 
markers that depends on genetic factors appears to 
be small [54]. Hence, PBM is determined by 
numerous gene products implicated in both bone 
modeling and remodeling [48].

To determine the genes implicated in PBM 
acquisition, two different approaches have been 
applied. The first involves investigating for asso-
ciation between allelic variants or polymorphisms 
of genes known to regulate bone metabolism. A 
series of associations with genes coding for hor-
mone receptors, bone metabolism regulating 
enzymes, and matrix proteins have been reported. 
However, polymorphisms in the most studied 
genes like those coding for vitamin D receptor 
(VDR), estrogen receptor alpha (ESR1) or type 
one collagen A1 chain (CollA1) account for at 
most 1–3% of PBM variance [55, 56]. Age, sex, 
gene–environment, and gene–gene interactions 
are recognized as explaining the inconsistent rela-
tionship between BMC/BMD and these geno-
types. For instance, significant BMD differences 
between VDR-3′ BsmI genotypes were detected in 
children [57, 58], but were absent in premeno-
pausal women from the same genetic background 
[57]. Moreover, the latter study found that BMD 
gain in prepubertal girls was increased at several 
skeletal sites in Bb and BB subjects in response to 
calcium supplements, whereas it remained appar-
ently unaffected in bb girls, who had a trend for 
spontaneously higher BMD accumulation on their 
usual calcium diet [57, 59]. Polymorphisms in the 
LRP5 gene appear to contribute to bone mass vari-
ance in the general population. Indeed, in a cross-
sectional cohort of 889 healthy Caucasian subjects 
of both sexes, significant associations were found 
for a missense substitution in exon 9 
(c.2047G--  >  A) with lumbar spine BMC, with 
bone scanned projected area, and with stature [60]. 
The associations were observed mainly in adult 
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men, in whom LRP5 polymorphisms accounted 
for close to 15% of the traits’ variances. LRP5 
haplotypes were also associated with 1-year gain 
in vertebral bone mass and size in 386 prepubertal 
children. Again, significant associations were 
observed for changes in BMD and in scanned 
bone area in relation to LRP5 gene polymorphisms 
in males but not females. Altogether, these gene 
polymorphisms alone do not appear to be clini-
cally useful as genetic markers for PBM.

Using Genome-Wide Associations Studies, a 
meta-analysis has revealed nine loci associated 
with aBMD at lumbar and proximal femur sites 
[61]. Like for polymorphism analysis, the contri-
bution of these genes to aBMD variance is up to 
3% only. Complex and gene–environment inter-
action models should be constructed to better 
appreciate the specific genes’ roles in determin-
ing PBM and bone strength (Fig. 6.3). See Chap. 
25 for a more detailed discussion on recent stud-
ies investigating the influence of genetics on 
aBMD and fracture risk.

Racial differences also provide an additional 
variable that contributes to bone mass acquisi-
tion. Indeed, in early adulthood, African- 
Americans have a higher aBMD than Caucasian 
controls [62]. While there is no difference in 
whole-body aBMD between black and white 
infants during the first 18  months of life [63], 
aBMD at several skeletal sites is higher in blacks 

than in whites by 10 years of age [64], suggesting 
a bone accrual rate higher in black children 
mainly during prepuberty. This, together with a 
slightly earlier onset of puberty [65], could 
explain the higher PBM in blacks compared to 
white individuals. This racial difference in PBM 
is related to differences in bone size and a slightly 
greater increase in vBMD at the vertebral level 
during puberty [66].

 Physical Activity

The responsiveness to either an increase or a 
decrease in mechanical strain is probably greater 
in growing than in adult bones [1]. Hence, public 
health programs aim at increasing physical activ-
ity among healthy children and adolescents in 
order to maximize PBM.  In children or adoles-
cents involved in competitive sport or ballet 
dancing, intense exercise is associated with an 
increase in bone mass accrual in weight-bearing 
skeletal sites [67–69]. The question arises 
whether this increase in BMD/BMC resulting 
from intense exercise is translated into greater 
bone strength. In a cross-sectional study in male 
elite tennis players using peripheral QCT and 
side-to-side arm comparison, higher BMC 
reflected an increased bone size which was asso-
ciated with an augmentation in a bone strength 
index. By contrast, no change in either cortical or 
trabecular vBMD was observed [70]. In terms of 
public health, observations made in elite athletes 
cannot be the basis of recommendations for the 
general population, since intense exercise is 
beyond the reach of most individuals. Much more 
relevant is information on the effect of moderate 
exercise on bone mass acquisition. Some, but not 
all, cross-sectional studies have found a slightly 
positive association between physical activity 
and bone mass values in children and adoles-
cents. Measurements of the duration, intensity, 
and type of physical activity that are based on 
recall are not accurate, particularly in children. 
Controlled prospective studies carried out in pre-
pubertal girls [71] or boys [72] indicate that exer-
cise programs undertaken in schools, and 
considered on the average as moderate, can 

Fig. 6.3 Interaction between genetic and nongenetic fac-
tors on bone mineral mass and structure changes during 
puberty. Genetic factors are either acting directly on bone 
or indirectly by modulating the sensitivity to environmen-
tal factors. Similarly, environmental factors are acting 
either directly on bone or indirectly by modulating the 
genetic potential. Several influences varies according to 
the skeletal site, even the bone envelop at a given skeletal 
site, and according to pubertal stage
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increase bone mineral mass acquisition [73, 74] 
(for review, see [75]). These indicate that the 
growing skeleton is certainly sensitive to exercise 
and suggest that prepuberty would be an oppor-
tune time for implementing physical education 
programs consisting in various moderate weight- 
bearing exercises. Nevertheless, it remains uncer-
tain as to what extent the greater aBMD gain in 
response to moderate and readily accessible 
weight-bearing exercise is associated with a com-
mensurate increase in bone strength [72]. The 
magnitude of benefit in terms of bone strength 
depends upon the nature of the structural change, 
and possibly on the gender. Indeed, increasing 
levels of physical activity were associated with 
higher response weight bearing BMD in boys 
than in girls before puberty [76]. An effect con-
sisting primarily of an increased periosteal appo-
sition and consecutive diameter confers greater 
mechanical resistance than a response limited to 
the endosteal apposition rate leading essentially 
to a reduction in the endocortical diameter. There 
is a need for further studies aimed at examining 
the effects of different types of mechanical load-
ing, such as magnitude and frequency of various 
types of exercise on the mass and geometry of 
bones in children and adolescents [77].

Studies in adult elite athletes indicate that 
increased bone mass gains resulting from intense 
physical activity during childhood and adoles-
cence are maintained after training attenuates or 
even completely ceases [67, 78, 79, 80]. Finally, 
the question whether the increased PBM induced 
by physical exercise is maintained in old age and 
lead to a reduction in fracture rate remains open. 
A cross-sectional study of retired Australian elite 
soccer players suggests that this may not be the 
case [81]. However, the lack of information on 
the PBM values of these men does not allow one 
to draw firm conclusion about this observation.

 Nutritional Factors

Puberty is considered to be a period with major 
behavioral changes and alterations in lifestyle, 
including food intake habits [82]. To what extent 
variations in the intakes of some nutrients in 

healthy, apparently well-nourished, children and 
adolescents can affect bone mass accumulation, 
particularly at sites susceptible to osteoporotic 
fractures, has received considerable attention.

 Role of Calcium
It is usually accepted that increasing the calcium 
intake during childhood and adolescence is asso-
ciated with a greater bone mass gain and thereby 
a higher PBM [83, 84]. However, a survey of the 
literature on the relationship between dietary cal-
cium and bone mass indicates that some [85–87], 
but not all studies [88, 89], have found a positive 
correlation between these two variables. As with 
physical activity, several sets of cross-sectional 
and longitudinal data are compatible with a “two 
threshold model.” On one side of the normal 
range, one can conceive the existence of a “low” 
threshold, set at a total calcium intake of about 
400–500  mg/day, below which a positive rela-
tionship can be found. Within this low range, the 
positive effect of calcium would be explained 
merely by its role as a necessary substrate for 
bone mass accrual. On the other side of the nor-
mal range, there would be a “high” threshold, set 
at about 1600 mg/day, above which the calcium 
intake through another mechanism could exert a 
slightly positive influence on bone mass accrual. 
In addition, the levels of the two thresholds could 
vary according to the stage of pubertal matura-
tion. In our own cross-sectional and longitudinal 
study, a significant positive relationship between 
total calcium intakes as determined by two 5-day 
diaries was found in females in the pubertal sub-
group P1–P4, but not in the P5 subgroup [15, 18].

Several intervention studies carried out in 
children and adolescents [90–93] indicate greater 
bone mineral mass gain in children and adoles-
cents receiving calcium supplementation over 
periods varying from 12 to 36 months. The ben-
efit of calcium supplementation was mostly 
detected in the appendicular rather than in the 
axial skeleton [90–95]. In prepubertal children, 
calcium supplementation is more effective on 
cortical appendicular bone (radial and femoral 
diaphysis) than on axial trabecular rich bone 
(lumbar spine) or on the hip (femoral neck and 
trochanter) (for review, see [96]). The skeleton 
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appears to be more responsive to calcium supple-
mentation before the onset of pubertal maturation 
[93]. In 8-year-old prepubertal girls with a spon-
taneously low calcium intake, increasing the cal-
cium intake from about 700 to 1400  mg 
augmented the mean gain in aBMD of six skele-
tal sites by 58% as compared to the placebo 
group, after 1 year of supplementation. This dif-
ference corresponds to a gain of +0.24 standard 
deviation (SD) [90]. If sustained over a period of 
4  years, such an increase in the calcium intake 
could augment mean aBMD by 1 SD. Thus, milk 
calcium supplementation could modify the bone 
growth trajectory and thereby increase PBM. In 
this regard, it is interesting to note that an inter-
vention influencing calcium–phosphate metabo-
lism and limited to the first year of life may also 
modify the trajectory of bone mass accrual. A 
400 IU/day vitamin D supplementation given to 
infants for an average of 1 year was associated 
with a higher aBMD measured at the age of 
7–9  years [97]. The aBMD difference between 
the vitamin D-supplemented and nonsupple-
mented group was particularly significant at the 
femoral neck, trochanter, and radial metaphysis. 
These observations are compatible with the “pro-
gramming” concept, according to which environ-
mental stimuli during critical periods of early 
development can provoke long-lasting modifica-
tions in structure and function [98, 99].

The type of the supplemented calcium could 
modulate the bone response. Thus, the response 
to a calcium phosphate salt from milk extract 
appears to differ from those recorded with other 
calcium supplements. Indeed, the positive effect 
on aBMD was associated with an increase in the 
projected bone area at several sites of the skele-
ton [90]. Interestingly, this type of response was 
similar to the response to whole milk supplemen-
tation [100]. But in the latter study, the positive 
effect on bone size could be ascribed to other 
nutrients contained in whole milk, such as pro-
tein, whereas in the former study, the tested 
calcium- enriched foods had the same energy, 
lipid, and protein content as those given to the 
placebo-group [90].

It is important to consider whether or not the 
gain resulting from the intervention will be main-

tained after discontinuation of the calcium sup-
plementation. One year and 3.5  years after 
discontinuing the intervention, differences in the 
gain in aBMD and in the size of some bones were 
still detectable, but at the limit of statistical sig-
nificance [19, 90]. These results need additional 
confirmation by long-term follow-up of the 
cohort, ideally until PBM has been attained, as 
well as by other prospective studies. Bone min-
eral density was also measured 7.5 years after the 
end of calcium supplementation. In these young 
adult girls, it appeared that menarche occurred 
earlier in the calcium-supplemented group, and 
that persistent effects of calcium were mostly 
detectable in those subjects with an earlier 
puberty [92].

In a meta-analysis on 19 calcium intervention 
studies involving 2859 children [96], with doses 
of calcium supplementation varying between 
300  mg and 1200  mg per day, from calcium 
citrate-malate, calcium carbonate, calcium phos-
phate, calcium lactate-gluconate, calcium phos-
phate milk extract, or milk minerals, calcium 
supplementation had a positive effect on total 
body BMC and upper limb aBMD, with stan-
dardized mean differences (effect size) of 0.14 
for both. At the upper limb, the effect persisted 
18 months after cessation of calcium supplemen-
tation. Analyzing 17 studies involving 2088 indi-
viduals, the same authors concluded that calcium 
supplementation has no significant effect on 
weight, height, or body fat.

Despite a positive effect on mean aBMD gain, 
there is still wide interindividual variability in the 
response to calcium supplementation. As dis-
cussed above, it is possible that part of the vari-
ability in the bone gain response to calcium 
supplementation could be related to genetic 
background [101].

 Role of Gut Microbiota: Effects 
of Prebiotics and Probiotics
The largest numbers of cells within the human 
body are bacteriae, Archae, Eukaryae, as well as 
fungi and viruses located in the intestinal tract. 
These organisms are collectively called the gut 
microbiota (GM). GM is now considered as an 
organ modulating the expression of genes 
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involved in mucosal barrier function, immune 
system, food digestion, and energy metabolism 
as it is capable of fermenting undigested nutri-
ents into short-chain fatty acids with local and 
systemic effects [102, 103]. GM collected from 
malnourished children and transferred to gnoto-
biotic mice impaired their growth [104]. When 
the malnourished subjects received a supplemen-
tation containing peanuts, sugar, milk, vitamins, 
and minerals, their microbiota transplanted into 
mice corrected the impaired growth. This 
 demonstrates an important role of GM in control-
ling bone growth.

Prebiotics are nondigestible fiber compounds 
that pass undigested through the upper part of the 
gastrointestinal tract, and stimulate the growth 
and/or activity of bacteriae that colonize the large 
bowel by acting as substrate for them [105]. 
Prebiotics refer to galactooligosaccharides 
(GOS), inulin, resistant starch, polydextrose, 
fructooligosaccharides (FOS), xylooligosaccha-
rides, and lactulose. Oligosaccharides are com-
posed of three to ten sugar units. Their length 
influences the site of fermentation. Foods partic-
ularly rich in fibers are dandelion greens, leeks, 
onion, wheat bran, and flour. Some GOS can also 
be found in peas and beans. In male adolescents, 
the consumption of 15 g of oligofructose per day 
was shown to stimulate fractional calcium 
absorption [106]. Among healthy adolescent girls 
aged 10–13 years who consumed smoothie drinks 
twice daily with 0, 2.5, or 5 g GOS for 3-week 
periods, fractional calcium absorption increased 
with both 5 and 10 g/day doses of GOS compared 
with the control (0.444, 0.419, and 0.393, respec-
tively), although a dose–response relationship 
was not observed [107]. The increase in calcium 
absorption was the greatest after 24 h, consistent 
with distal gut absorption. Using a similar stable 
calcium absorption method, the same authors 
detected a 12% higher intestinal calcium absorp-
tion in adolescent boys and girls exposed to 
maize and corn fibers [108]. Fecal bifidobacteria 
increased with GOS treatment, which suggests 
that calcium absorption may be mediated by the 
gut microbiota, specifically bifidobacteria [107]. 
Differences in calcium absorption were corre-
lated with various bacteria genera at the end of 

the study [108]. In a randomized controlled trial 
conducted in adolescents, 8  g/day of FOS and 
inulin for 1  year increased whole body BMC 
[109]. In various populations of different age 
from adolescents to postmenopausal women, and 
with various treatment durations, from 9 days to 
1 year, higher intestinal calcium absorption was 
consistently detected in response to prebiotics 
[106, 109–112].

The amount of prebiotics required to produce 
significant bone effects is limited by the toler-
ance. Indeed, undigested saccharides/fibers fer-
mentation in the large intestine may be associated 
with flatulence and abdominal discomfort, pre-
cluding amounts of prebiotics ingestion sufficient 
to exert meaningful biological effects. However, 
in the studies by Whisner [107, 108, 113], the tol-
erance to prebiotics amounts associated with 
increased calcium absorption was reported as 
good in adolescent girls.

Probiotics are live microorganisms which, 
when administered in adequate amounts, confer a 
health benefit on the host [114]. By adequate, one 
means an amount able to trigger the targeted 
effect. It depends on strain specificity, process 
and matrix, and sought targeted effect. With con-
centration of around 10e7 to 10e8 probiotic bacte-
riae per gram, a serving size is around 
100–200  mg. Various species are provided as 
probiotics, such as Lactobaccilli, Bifidobacteriae, 
Escherichia, Enterococcus, and Bacillus subtilis. 
Yeast like Saccharomyces has been used too. In 
humans, the main source of probiotics is fer-
mented dairy products [115], which also provide 
calcium, protein phosphorus, and zinc. The prob-
lem is to provide a sufficient amount of bacteriae 
capable of reaching the distal part of the gastroin-
testinal tract. However, it has been reported that 
yogurt consumers had lower level of 
Enterobacteriaceae and higher beta-galactosidase 
activity, the latter and Bifidobacterium popula-
tion being positively correlated to the amount of 
fermented products ingested [116]. In experi-
mental animals, probiotics and/or probiotics- 
induced butyrate production in the gut are able to 
reduce bone resorption and stimulate bone for-
mation [117]. Whether intakes of probiotics are 
able to influence PBM acquisition is not known.
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 Role of Protein
Among nutrients other than calcium, protein intake 
influences bone mass acquisition and loss [40, 
118]. Available information suggests that either a 
deficient or an excessive protein supply could neg-
atively affect calcium balance and the amount of 
bony tissue contained in the skeleton [119].

Low protein intake could be particularly detri-
mental for both the acquisition of bone mass and 
the conservation of bone integrity with aging. 
During growth, undernutrition, including inade-
quate supply of energy and protein, can severely 
impair bone development. Studies in experimen-
tal animals indicate that isolated protein defi-
ciency leads to reduced bone mass and strength 
without histomorphometric evidence of osteoma-
lacia [120]. Thus, inadequate supply of protein 
appears to play a central role in the pathogenesis 
of the delayed skeletal growth and reduced bone 
mass observed in undernourished children [121]. 
Low protein intake could be detrimental for skel-
etal integrity by lowering the production of IGF- 
I.  Indeed, the hepatic production and plasma 
concentration of this growth factor, which exerts 
several positive effects on the skeleton, is under 
the influence of dietary protein [122–124]. Protein 
restriction has been shown to reduce circulating 
IGF-I by inducing resistance to the hepatic action 
of growth hormone. In addition, protein restric-
tion appears to induce a resistance to the anabolic 
actions of IGF-I [124]. In this regard, it is impor-
tant to note that growing rats maintained on a low 
protein diet failed to restore growth when IGF-I 
was administered at doses sufficient to normalize 
its plasma concentrations.

Variations in IGF-I production could explain 
some of the changes in bone and calcium–phos-
phate metabolism that have been observed in 
relation to intake of dietary protein. In humans, 
circulating IGF-I, of which the major source is 
the liver, progressively increases from 1 year of 
age to reach peak values during puberty. As 
described above, this factor appears to play a key 
role in calcium–phosphate metabolism during 
growth by stimulating two kidney processes, Pi 
transport and the production of calcitriol [33]. 
IGF-I is considered an essential factor for bone 
longitudinal growth, as it stimulates proliferation 

and differentiation of chondrocytes in the epiphy-
seal plate [125, 126]. It also plays a role on tra-
becular and cortical bone formation. In 
experimental animals, administration of IGF-I 
positively influences bone mass [127], by increas-
ing the external diameter of long bone, and by 
enhancing the process of periosteal apposition. 
Therefore, during adolescence, a relative defi-
ciency in IGF-I or a resistance to its action that 
could be due to an inadequate protein supply may 
result not only in a reduction in the skeletal lon-
gitudinal growth, but also in an impairment in 
cross-sectional bone development.

In well-nourished children and adolescents, 
the question arises of whether variations in the 
protein intake within the “normal” range can 
influence skeletal growth and, thereby, modulate 
the genetic potential in PBM attainment. There is 
a positive relationship between protein intake, as 
assessed by two 5-day dietary diary methods with 
weighing most food intakes [82, 120], and bone 
mass gain, particularly from pubertal stage P2 to 
P4. The correlation remained statistically signifi-
cant even after adjusting for age or calcium 
intake. The association between bone mass gain 
and protein intake is observed in both sexes at the 
lumbar spine, the proximal femur, and the femo-
ral midshaft.

In a prospective longitudinal study performed 
in healthy children and adolescents of both gen-
ders, between the age of 6 and 18, dietary intakes 
were recorded over 4 years, using an yearly admin-
istered 3-day diary [128]. Bone mass and size 
were measured at the radius diaphysis using 
peripheral computerized tomography. A positive 
association was found between long-term protein 
intakes, on one hand, and periosteal circumfer-
ences, cortical area, bone mineral content, and 
with a calculated strength strain index, on the other 
hand. The relatively high mean protein intakes in 
this cohort with a Western style diet should be 
highlighted. Indeed, protein intakes were around 
2 g/kg body weight × day in prepubertal children, 
whereas they were around 1.5 g/kg × day in puber-
tal individuals. The minimal requirements for pro-
tein intakes in the corresponding age groups are 
0.99 and 0.95, respectively [129]. There was no 
association between bone variables and intakes of 

6 Determinants of Peak Bone Mass Acquisition



126

nutrients with high sulfur-containing amino acids, 
or intake of calcium. Overall, protein intakes 
accounted for 3–4% of the bone parameters vari-
ance [128]. However, even when they are prospec-
tive and longitudinal, observational studies do not 
allow one to draw conclusion on a causal relation-
ship. Indeed, it is quite possible that protein intake 
could be to a large extent related to growth require-
ment during childhood and adolescence. For 
instance, rats treated with growth hormone are 
spontaneously selecting a high-protein diet [130]. 
Only intervention studies could reliably address 
this question. To our knowledge, there is no large 
randomized controlled trial having tested the 
effects of dietary protein supplements on bone 
mass accumulation, except for milk or dairy 
products.

In addition to calcium, phosphorus, calories, 
and vitamins, 1 l of milk provides 32–35 g of pro-
tein which is mostly casein, but also whey protein 
which contains numerous growth-promoting ele-
ments [131]. The correlation between dairy prod-
ucts intake and bone health has been investigated 
in both cross-sectional and longitudinal observa-
tional studies, and in intervention trials. In grow-
ing children, long-term milk avoidance is 
associated with smaller stature and lower bone 
mineral mass [132–140]. Low milk intake during 
childhood and/or adolescence increases the risk 
of fracture before puberty (+2.6-fold), and possi-
bly later in life [141–143]. In a 7-year observa-
tional study, there was a positive association 
between dairy products consumption and a BMD 
at the spine, hip, and forearm in adolescents, lead-
ing thereby to a higher PBM [87]. In addition, 
higher dairy products intakes were associated 
with greater total and cortical proximal radius 
cross-sectional area. Based on these observations, 
it was suggested that whereas calcium supple-
ments could influence volumetric BMD, thus the 
remodeling process, dairy products may have an 
additional effect on bone growth and periosteal 
bone expansion, that is, a modeling influence 
[87]. In agreement with this observation, milk 
consumption frequency and milk intake at age 
5–12 and 13–17 years were significant predictors 
of the height of 12- to 18-year-old adolescents, 
studied in the NHANES 1999–2002 [144].

A variety of intervention trials have confirmed 
a favorable influence of dairy products on bone 
health during childhood and adolescence [100, 
145–155]. In an open randomized intervention 
trial, Cadogan et al. studied the effects of 568 ml/
day milk supplement for 18 months in 12-year- 
old girls [100]. With this milk supplement, the 
differences between the treated and control 
groups in calcium and protein intakes at the end 
of the study were around 420 mg/day and 14 g/
day, respectively, taking into consideration the 
spontaneous consumption. In the milk- 
supplemented group, serum IGF-I levels were 
higher (+17%). Compared to the control group, 
the intervention group had greater increases of 
whole-body BMC/BMD.

In another study, cheese supplements appeared 
to be more beneficial for cortical bone accrual 
than a similar amount of calcium supplied under 
the form of tablets [146]. This positive influence 
of milk products on cortical bone thickness may 
be related to an effect on the modeling process, 
since metacarpal periosteal diameter was signifi-
cantly increased in Chinese children receiving 
milk supplements [154].

As was the situation for other nutrients such as 
calcium, only prospective interventional studies 
will establish whether variations in protein intake 
within the range recorded in our Western “well- 
nourished” population can affect bone mass 
accumulation during growth. Such prospective 
intervention studies should delineate the crucial 
years during which modifications in nutrition 
would be particularly effective for bone mass 
accumulation in children and in adolescents. This 
kind of information is of importance in order to 
make credible and well-targeted recommenda-
tions for osteoporosis prevention programs aimed 
at maximizing PBM.

 Conditions Impairing Peak Bone 
Mass Attainment

Various genetic and acquired disorders can impair 
optimal bone mass acquisition during childhood 
and adolescence [156, 157]. In some endocrine 
disorders, such as Turner’s syndrome, Klinefelter’s 
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syndrome, glucocorticoid excess, hyperthyroid-
ism or growth hormone deficiency, low bone mass 
has been attributed to abnormalities in a single 
hormone system. In diseases such as anorexia ner-
vosa and exercise-associated amenorrhea, malnu-
trition, sex steroid deficiency, and other factors 
combine to increase the risk of osteopenia or low 
bone mass. This is probably also the case of vari-
ous chronic diseases, which in addition may 
require therapies that can affect bone metabolism. 
Impaired bone growth has been frequently 
observed in chronic rheumatoid arthritis, chronic 
renal failure, cystic fibrosis, inflammatory bowel 
diseases [158], childhood leukemia, and hemo-
globinopathies such as thalassemia major.

 Delayed Puberty

Epidemiological studies suggest that late men-
arche is a risk factor for osteoporosis through a 
negative effect on PBM (Fig. 6.4) (for review, 
see [159]). In a cohort of men with a history of 
delayed puberty, osteopenia has been reported 

[160]. Cortical and trabecular microstructure 
at PBM are influenced by menarcheal age. In a 
cohort of healthy females followed prospec-
tively from the age of 7.9 to 20.4  years, an 
inverse relationship between forearm bone 
microstructure and menarcheal age has been 
found [161]. Subjects with later but still within 
the normal age range, menarche, had lower 
radius aBMD, cortical vBMD, and cortical 
thickness (Fig.  6.5). In males, later pubertal 
development is associated with lower PBM, 
alterations in bone microstructure and strength, 
together with higher fracture risk during child-
hood and adolescence [163].

The causes of delayed adolescence have been 
classified into permanent and temporary disor-
ders [164]. The permanent ones can be due to 
either hypothalamo-pituitary or gonadal failure 
[164]. Heritable factors play a major role in the 
determination of menarcheal age. Thus, ages at 
which mothers and daughter experience their 
first menstruation are correlated, with heritabil-
ity coefficients suggesting that 50% of the phe-
notypic variation in menarcheal age is genetically 

Fig. 6.4 T-score of femoral neck aBMD and trabecular 
bone volume fraction (BV/TV) of distal tibia in relation 
with menarcheal age in young (YAD) and middle-aged 
premenopausal (PREMENO) healthy women. The two 
cohorts of young adult (YAD, 20.4  years, n  =  124) and 
middle-aged premenopausal (PREMENO, 45.8  years, 

n = 120) women were segregated by the median in EARLY 
and LATE menarcheal age. The mean menarcheal age 
(years±SD) were in: YAD EARLY: 12.1 ± 0.7; YAD LATE: 
14.0 ± 0.7; PREMENO EARLY: 11.8 ± 1.0; PREMENO 
LATE: 14.4 ± 1.1. (Reprinted from Chevalley et al. [166]. 
With permission from John Wiley & Sons, Inc.)
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determined [165, 166]. Among the temporary 
disorders, some can be explained by the pres-
ence of chronic diseases, nutritional disorders, 
psychological stress, intensive competitive train-
ing, or hormonal disturbances such as hypose-
cretion of thyroid hormones or growth hormone, 
or hypercortisolism [164]. However, the most 
common cause of delayed adolescence is the so-
called “constitutional delay of growth and 
puberty” (CDGP). It is a transient disorder with, 
in some cases, a familial history of late menar-
cheal age of the mother or sisters, or a delayed 
growth spurt in the father. This condition has 
been considered so far as an extreme form of the 
physiological variation of the timing of the onset 
of puberty for which the “normal” range is about 

8–12 and 9–13  years of age in girls and boys, 
respectively. The onset of puberty is a complex 
process involving the activation of the 
hypothalamic-pituitary- gonadal axis and other 
endocrine systems such as the growth hormone–
IGF axis which are influencing bone mineral 
balance and skeleton growth rate. Several mech-
anisms whereby CDGP may lead to a low PBM 
have been suggested [167].

In preburtal girls who have undergone a men-
arche later than the median of the cohort, a lower 
aBMD can be detected already before the onset of 
pubertal maturation (Fig. 6.6) [168]. This observa-
tion does not support the hypothesis that a lower 
PBM in subjects with later menarche would be the 
result from a shorter exposure duration to estrogen.

Fig. 6.5 Influence of menarcheal age on distal radius 
bone microstructure in healthy young adult women. Total 
density, cortical density, and cortical thickness of the dis-
tal radius were inversely related to menarcheal age. P val-
ues after adjustment for calcium intervention, standing 
height, and body weight were 0.018, 0.002, and 0.091 for 
total density, cortical density, and cortical thickness, 
respectively. The cohort of the 124 healthy women was 

segregated by the median of menarcheal age. “T” -score 
calculated from an external cohort of healthy French 
women with mean age of 34 ± 7 years [162] was signifi-
cantly lower in LATER (N  =  62) versus EARLIER 
(N = 62) group for total density, cortical density, and corti-
cal thickness of the distal radius. (Reprinted from 
Chevalley et al. [161]. With permission from John Wiley 
& Sons, Inc.)
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 Anorexia Nervosa

Significant deficits in trabecular and cortical 
bones, which may result in osteoporotic frac-
tures, have been observed in young adult women 
with chronic anorexia nervosa [169]. Several 
factors can contribute to the reduced bone mass 
acquisition, including low energy/protein intake 
resulting in a reduction in IGF-I production and, 
thereby, decreasing bone formation; estrogen 
deficiency and low calcium intake enhancing 
bone resorption; and glucocorticoid excess 
which interrupts normal acquisition of bone 
mineral and may contribute to increased bone 
loss [170, 171].

 Exercise-Associated Amenorrhea

Impaired bone mass acquisition can occur when 
hypogonadism and low body mass accompany 
intensive physical activity [172, 173]. As in 
anorexia nervosa, both nutritional and hormonal 
factors contribute to this impairment. Intake of 
energy, protein, and calcium may be inadequate 
as athletes go on diets to maintain an idealized 
physique for their sport. Intensive training during 

childhood may contribute to a later onset and 
completion of puberty. Hypogonadism, as 
expressed by the occurrence of oligomenorrhea 
or amenorrhea, can lead to bone loss in females 
who begin training intensively after menarche 
[156]. Oligo-amenorrhea in long-distance run-
ners was found to be associated with a decrease 
in a BMD affecting more the lumbar spine than 
the proximal and midshaft femur [174].

 Fracture During Bone Acquisition

During growth, fractures, particularly at the fore-
arm, are frequent, with an overall prevalence 
varying between 27% and 40% in females and 
between 42% and 52% in males [23, 175]. The 
highest incidence is observed between 11 and 
12  years of age in girls, and between 13 and 
14 years in boys [175]. The latter may be related 
to the dissociation between peak height velocity 
and peak bone mineral content velocity, the 
 former preceding by about 1 year the latter [20]. 
In addition, a transient increase in peripheral 
bone cortical porosity has been reported [25, 26, 
176]. However, lower BMC/BMD has been doc-
umented in children with fracture as compared 

Fig. 6.6 Mean aBMD Z-score of six skeletal sites 
according to the median of menarcheal age from prepu-
berty to PBM attainment at 20.4 years of age. The puber-
tal stages were P1 at 7.9 and 8.9 years of age, P1–P2 at 
10.0 years, P2–P5, and P1–P5 at 12.4 years in EARLIER 
and LATER, respectively. All the cohorts were postpuber-

tal at 16.4 years of age. Between age 7.9 and 8.9 years, 
statistical analysis by two-way ANOVA indicated that the 
significant (P = 0.001) age-dependent aBMD increment 
did not interact with the influence (P = 0.0038) of future 
MENA. (Reprinted from Chevalley et al. [168]. With per-
mission from Oxford University Press)
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with sex- and age-matched unfractured controls 
[23, 177, 178]. Furthermore, girls from a pro-
spective cohort followed from 8 to 20 years, who 
have sustained a fracture, have a lower bone mass 
gain during puberty [22]. After puberty, these 
subjects with prevalent fracture had lower lumbar 
spine, ultradistal radius, and trochanter BMC 
[22]. At the age of 20  years, healthy young 
women with prevalent fracture had lower radius 
PBM, altered microstructure, and estimated bone 
strength as compared with unfractured women 
(Fig. 6.7) [179]. This suggests that a fracture dur-
ing childhood and adolescence could be a marker 
of low PBM in females. In contrast, using a simi-
lar prospective study in healthy males, no differ-
ence in DXA-derived variables, in distal skeleton 
microstructure or estimated bone strength could 
be detected among 23-year-old male subjects 
with and without fracture during childhood and 
adolescence [180]. There appears thus a sex dif-

ference in prevalent fracture as a risk factor for 
low PBM, possibly related to the type of trauma 
in girls and boys.

 Conclusion

Peak bone mass is an important determinant of 
osteoporotic fracture risk, hence, the interest of 
exploring ways of increasing PBM in osteoporo-
sis primary prevention. Bone mineral mass accu-
mulation from infancy to postpuberty is a 
complex process implicating interactions of 
genetic, endocrine, mechanical, and nutritional 
factors. From birth to PBM, which is attained in 
axial and in the proximal femur by the end of the 
second decade of life, the increase in mass and 
strength is essentially due to an increment in 
bone size, vBMD changing very little during 
growth. Therefore, the best simple clinical 
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Fig. 6.7 Risk of fracture for 1 SD decrease in radial 
aBMD or in distal radius microstructure components and 
strength variables and for 1 SD increase in menarcheal 
age (MENA) in 124 girls. Bone densitometric values were 
measured at 20.4 years of age, once PBM was attained. 

Columns are OR  ±  95% CI, as evaluated by logistic 
regression. Statistical significance (P) is indicated above 
each column. CSA, Cross-sectional area. (Reprinted from 
Chevalley et  al. [179]. With permission from Oxford 
University Press)
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 estimate of bone strength is aBMD rather than 
vBMD which does not take into account the size 
of the bone. It can be estimated that in women, an 
increase of PBM by 10%, that is, by approxi-
mately 1 standard deviation (SD), could decrease 
the risk of fragility fracture by 50% or be equiva-
lent to retarding menopause by 14 years [4]. Like 
standing height in any individual bone mineral 
mass during growth follows a trajectory corre-
sponding to a given percentile or standard devia-
tion from the mean. Nevertheless, this trajectory 
can be influenced by the environmental factors. 
On the negative side, various chronic diseases 
and their treatment can shift downward this tra-
jectory. On the positive side and most important 
in the context of primary prevention of adult 
osteoporosis, prospective randomized controlled 
trials strongly suggest that increasing the calcium 
intake or mechanical loading can shift upward 
the age-bone mass trajectory. Prepuberty appears 
to be an opportune time for obtaining a substan-
tial benefit of increasing physical activity with 
appropriate intakes of calcium and proteins. 
Further studies should demonstrate that changes 
observed remain substantial by the end of the 
second decade and, thus, are translated in a 
greater PBM. In this long-term evaluation of the 
consequence of modifying the environment, it 
will be of critical importance to assess whether 
any change in densitometric and morphometric 
bone variables observed at PBM confers a greater 
and sustain resistance to mechanical strain.
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 Introduction

Osteoporosis is a disease defined by low bone 
mass and skeletal fragility that leads to an 
increased risk of fractures. Osteoporosis affects 
an estimated 200 million women worldwide [1] 
and disproportionately affects older adults. It is 
expected that the prevalence of osteoporosis may 
further increase as the population of adults aged 
65 years and older is expected to double between 
2010 and 2040 [2]. “Osteoporotic” fractures, also 
known as “low-trauma” or “fragility” fractures, 
are interchangeable terms that refer to fractures 
resulting from an impact equivalent to a fall of 
less than or equal to standing height. 
Approximately nine million osteoporotic frac-
tures occur every year worldwide [3]. One out of 
every two women and one out of five men over 
the age of 50 years will have a low-trauma frac-
ture in their lifetime [4, 5]. Osteoporotic fractures 
often lead to rapid deterioration of health status 
and decreased quality of life [6, 7]. These fragil-
ity fractures are also associated with high rates of 
mortality compared to age- and sex-matched 
controls [8, 9], and hip fractures in particular lead 
to 37% and 17% excess mortality in men and 
women, respectively [10, 11]. There is also a sig-
nificant economic burden from osteoporotic frac-
tures. As of 2005, fractures cost $20 billion a year 
in the United States and €36 billion a year in 
Europe [2].
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Key Points
• Osteoporosis is defined by low bone 

mass and skeletal fragility and is highly 
predictive of future fractures.

• Fracture risk assessment takes into 
account clinical risk factors for osteopo-
rosis and measurement of bone mineral 
density by dual-energy X-ray absorpti-
ometry, if available.

• In North America, routine bone density 
screening is recommended for all 
women aged 65 years and older, as well 
as for postmenopausal women and men 
aged 50  years and older with clinical 
risk factors for osteoporosis.

• Pharmacologic osteoporosis treatment 
is recommended for adults with a his-
tory of fragility fracture, or bone density 
T-score ≤−2.5. In the United States, 
treatment is also advised for osteopenic 
adults who have a ≥3% risk of hip frac-
ture or ≥20% risk of major osteoporotic 
fracture over the next 10 years.
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Given these sobering statistics, screening for 
osteoporosis has been recommended to identify 
individuals at high risk of fracture who would 
benefit from treatments to minimize that risk. 
Osteoporosis screening typically involves assess-
ments of clinical risk factors and measurement of 
bone mineral density (BMD).

 Clinical Risk Factors

Numerous clinical factors have been identified 
that can aid in stratifying fracture risk for indi-
vidual patients. Advancing age has been found 
to be an even stronger determinant of fracture 
risk than bone mass [12]. History of prior fra-
gility fracture is also a robust risk factor for 
fracture, increasing future fracture probability 
by two to four times even after adjustment for 
age and BMD [13, 14]. Other validated risk 
factors that are independent of BMD include 
chronic glucocorticoid therapy, parental his-
tory of hip fracture, low body weight, current 
cigarette smoking, and excessive alcohol con-
sumption [15].

Race and ethnicity are also clinical factors that 
influence fracture risk. In the United States, black 
and Asian-American women have lower rates of 
fracture than white, Hispanic, or Native American 
women [16, 17]. This relationship between race/
ethnicity and fracture is not entirely mediated by 
bone density. For example, higher BMD among 
black women does not fully account for lower 
fracture rates [18], and Asian-American women 
experience fewer fractures despite having lower 
BMD than white women [19]. Worldwide rates 
of fracture also vary significantly by country, 
with the highest incidence of fractures occurring 
in Scandinavia [20].

As part of a thorough clinical assessment, it is 
important to evaluate for secondary causes of 
osteoporosis to inform prognosis and treatment 
decisions (Table 7.1). These disorders are associ-
ated with low bone density and increased fracture 
risk through varied mechanisms such as estrogen 
deficiency, vitamin D or calcium malabsorption, 
systemic inflammation, osteoblast/osteoclast toxic-
ity, and/or high bone turnover states. Some of these 

secondary causes of osteoporosis are addressed in 
detail in other chapters of this volume.

 Bone Mineral Density

The most commonly used technique to assess 
BMD in clinical practice is dual-energy X-ray 
absorptiometry (DXA). DXA provides precise 
and accurate assessments of the density of bone 
mineral (i.e., calcium hydroxyapatite) at clinically 
relevant sites such as the lumbar spine, proximal 
femur, and distal radius [21]. This bone-imaging 
technique involves low doses of ionizing radiation 
that are equivalent to daily background radiation 
and are ten times lower than the radiation expo-
sure of a chest X-ray film [22]. There is a robust 
correlation between skeletal biomechanical 
strength and BMD measured by DXA [23].

Table 7.1 Secondary causes of osteoporosis

Endocrine disorders Gastrointestinal disorders
Hyperparathyroidism Celiac disease
Hyperthyroidism Inflammatory bowel 

disease
Cushing’s disease Primary biliary 

cholangitis
Delayed puberty Roux-en-Y gastric bypass 

surgery
Premature ovarian failure Vitamin D and/or calcium 

deficiency
Hypothalamic amenorrhea
Hypogonadism
Anorexia nervosa
Diabetes mellitus—Type 1  
or type 2
Medications Others: Liver disease, 

Human Immunodeficiency 
Virus (HIV)

Glucocorticoids Rheumatoid arthritis
Gonadotropin-releasing 
hormone (GnRH) agonists

Multiple myeloma

Aromatase inhibitors Chronic kidney disease
Antiseizure medications Cystic fibrosis
Immunosuppressive agents 
(cyclosporine, tacrolimus)

Multiple sclerosis

Heparin Idiopathic hypercalciuria
Depot 
medroxyprogesterone 
acetate

Organ transplantation

Thiazolidinediones Systemic mastocytosis
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Multiple studies have verified that low bone 
density at axial and appendicular sites predicts 
future osteoporotic fractures [24–28]. BMD 
T-scores quantify the standard deviation difference 
between a patient and a reference population of 
healthy young adults. For every standard deviation 
decrease in age-adjusted BMD, there is a roughly 
twofold increase in the risk of fracture [28]. This 
leads to an exponential increase in fracture risk, 
such that a patient with a T-score of −3.0 will have 
an eightfold higher risk of fracture than a person of 
the same age with a T-score of 0. Although low 
BMD at any site can predict osteoporotic fractures 
at all sites, it has better predictive ability at the site 
of measurement. For example, hip BMD is supe-
rior to BMD measured at other skeletal sites for 
predicting hip fracture [24, 25].

A World Health Organization (WHO) work-
ing group developed a categorization of BMD 
based on T-scores, with T-scores of −1.0 or 
above classified as normal, T-scores between 
−1.0 and −2.5 classified as osteopenia, and 
T-scores of −2.5 or below classified as osteopo-
rosis [29]. These classifications apply to post-
menopausal women and men of age 50 years and 
older. Despite these discrete T-score categoriza-
tions, it is important to recognize that there is no 
clear threshold below which fracture risk is sud-
denly increased. On the contrary, the relationship 
between BMD and fracture risk is continuous 
[29]. Thus, while fracture rates are highest among 
women with osteoporotic T-scores of −2.5 or 
below, the majority of women who fracture have 
osteopenic or normal BMD. Studies estimate that 
between 55% and 80% of women who fracture 
have nonosteoporotic T-scores [30–32]. Using a 
threshold T-score of ≤−2.5 has a sensitivity of 
46% and specificity of 84% for identifying adults 
who will sustain osteoporotic fractures [32].

In summary, DXA provides BMD measure-
ments that are highly predictive of future fracture 
risk, but risk stratification based on T-score alone 
is insufficient to identify the majority of individu-
als who will fracture. Thus, an effective screen-
ing strategy should additionally incorporate other 
factors that are independent of BMD to identify 
those who are at high risk of fracture and would 
benefit from intervention.

 Osteoporosis Evaluation: Putting 
It All Together

A comprehensive evaluation for osteoporosis 
involves assessment of both clinical risk factors 
and bone mineral density by DXA.  Suggested 
components of a clinical osteoporosis evalua-
tion are presented in Table 7.2. A complete med-
ical history, basic laboratory evaluation, and 
DXA scan will provide useful information to 
risk stratify patients. Selected patients with 
medical history suggestive of secondary causes 
may further benefit from additional targeted 
laboratory testing.

Table 7.2 Clinical evaluation

Medical history Laboratory evaluation
Prior fractures Calcium
Age at puberty Phosphorus
Age at menopause Creatinine
Menstrual history 25-OH vitamin D
Parental fracture history Parathyroid hormone (PTH)
Prior osteoporosis 
therapy

Alkaline phosphatase

Glucocorticoid use Albumin
Calcium intake Magnesium
Smoking
Alcohol use
Falls
Secondary causes of 
osteoporosis
Bone mineral density by 
dual-energy X-ray 
absorptiometry

Additional laboratory tests 
in selected patients

Lumbar spine 24-hour urine Ca/Cr
Proximal femur: 
Femoral neck and total 
hip

Thyroid stimulating 
hormone (TSH)

1/3 radius (selected 
cases)a

Liver function tests

Serum protein 
electrophoresis (SPEP)/
Urine protein 
electrophroesis (UPEP)
Tissue transglutaminase 
antibody
24-hour urinary free cortisol
Testosterone

aBone mineral density (BMD) of 1/3 radius is suggested if 
spine/femur BMD is unobtainable, or in setting of pri-
mary hyperparathyroidism, hyperthyroidism, or androgen 
deprivation therapy for prostate cancer

7 Osteoporosis Screening and Diagnosis
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 Fracture Risk Calculators

One commonly proposed osteoporosis screening 
strategy involves identification of high-risk indi-
viduals based on assessment of their absolute 
fracture risk after taking into account clinical risk 
factors and/or BMD.  Fracture risk calculators 
have been developed to integrate clinical vari-
ables with or without BMD into a model that will 
predict an individual’s future fracture risk.

 FRAX Calculator

The most studied calculator is the fracture risk 
assessment tool (FRAX) algorithm [33], which pro-
vides estimates of an individual’s 10-year probabil-
ity of hip fracture or major osteoporotic (combined 
clinical spine, hip, shoulder, and wrist) fracture. 
Fracture risk assessment tool (FRAX)  was derived 
using data from 9 international cohorts and has been 
validated in more than 26 external cohorts [34]. 
This algorithm incorporates 11 patient factors (i.e., 
age, sex, height, weight, prior fracture, parental hip 
fracture, smoking, alcohol, glucocorticoids, rheu-
matoid arthritis, and either secondary osteoporosis 
or BMD) to calculate an individual’s fracture risk.

Unique strengths of the FRAX algorithm are 
that it takes into account country-specific epidemi-
ology and also incorporates competing mortality 
risk, thus potentially providing more accurate 

assessments among elderly patients [35]. An 
important caveat is that FRAX has only been evalu-
ated in treatment-naive populations, and therefore 
should not be used to predict fractures in patients 
who are currently taking or have previously 
received pharmacologic osteoporosis treatments. 
In addition, FRAX has been shown to systemati-
cally underestimate fracture risk among adults with 
type 2 diabetes [36, 37]. Correction factors have 
been created to modify FRAX  estimates based on 
discordant spine/hip T-scores [38], glucocorticoid 
dose [39], and vertebral textural assessment by 
t rabecular bone score (TBS) [40].

 Other Fracture Calculators

Many other fracture risk calculators have been 
developed that vary in scope and complexity. The 
most complex of these, the updated QFracture 
algorithm, encompasses 31 risk factors [41]. On 
the other end of the spectrum, Garvan involves 
five risk factors and takes into account dose–
response relationships with prior fractures and 
falls to predict 5- or 10-year fracture risk [42, 
43]. These calculators have been externally vali-
dated and have roughly similar discriminative 
power as FRAX to predict fractures [34, 44]. To 
date, however, only FRAX has been incorporated 
into national osteoporosis guidelines for screen-
ing and intervention (Table 7.3).

Table 7.3 Comparison of fracture risk calculators: FRAX, Garvan, and QFracture

FRAX Garvan QFracture
Derivation cohort Nine international 

cohorts
Dubbo cohort 
(Australia)

United Kingdom General 
Practice (UK GP) databases

No. of subjects in derivation cohort 46,340 2216 >two million
No. of risk factors in calculator 11 (BMD optional) 5 (including BMD) 18 (not including BMD)a

Fracture risk estimates 10 years 5–10 years 1–10 years
External validation studies 27 7 4
Range of area under the curve 
(AUC) in validation studies  
(i.e., discriminatory power)

0.54–0.82 0.69–0.84 0.64–0.89

Other notes Population-specific 
calibration, competing 
mortality risk

Includes dose–
response for prior 
fx and falls

Younger population, includes 
diabetes mellitus (DM), 
dose–response for smoking, 
alcohol (EtOH)

Based on data from Refs. [34, 45]
BMD bone mineral density
aUpdated QFracture 2012 algorithm has 13 additional variables [41]
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 Screening Guidelines

 North American Recommendations

In the United States and Canada, routine BMD 
screening with DXA is recommended in all 
women aged 65 years and older. This recommen-
dation is endorsed by the US Preventative Services 
Task Force (USPSTF, grade B recommendation) 
[46] as well as multiple expert groups (Canadian 
Osteoporosis Society [47], American Association 
of Clinical Endocrinology (AACE) [48], American 
Association of Family Practice (AAFP) [49], 
National Osteoporosis Foundation (NOF) [50], 
International Society for Clinical Densitometry 
(ISCD) [51], North American Menopause Society 
(NAMS) [52], American College of Preventative 
Medicine (ACPM) [53], and American College of 
Obstetrics and Gynecology (ACOG) [54]).

There is less consensus about the utility of 
routine osteoporosis screening in older men. The 
USPSTF did not find sufficient evidence to rec-
ommend routine screening for men [46]. The 
Canadian Osteoporosis Society recommends 
BMD testing for all men older than 65 years [47], 
while the Endocrine Society, NOF, ACPM, and 
ISCD suggest that all men aged 70  years and 
older should be screened for low BMD [50, 51, 
53, 55]. The American College of Physicians 
(ACP) recommends DXA tests in men who are at 
increased risk for osteoporosis (including men 
aged >70 years) and are candidates for drug ther-
apy (strong recommendation, moderate quality 
evidence [56]).

North American guidelines also call for BMD 
screening of selected younger postmenopausal 
women and men who have clinical risk factors 
for osteoporosis. For example, the USPSTF sug-
gests measuring BMD in women aged between 
50 and 64 years whose FRAX-calculated 10-year 
risk of major osteoporotic fracture is ≥8.4%, 
which is the equivalent 10-year fracture risk of a 
65-year- old white woman with no other fracture 
risk factors (grade B recommendation) [46]. 
While this approach to BMD screening has prac-
tical merit, the proposed FRAX threshold has 
neither undergone cost-effectiveness analysis nor 
has it been validated in any patient population. 

Other expert groups recommend DXA tests in 
men and women older than 50 years with clinical 
risk factors for fracture [47, 48, 50–53, 55].

 Screening Recommendations 
from Around the World

Screening guidelines differ in different regions of 
the world where different cost–benefit models are 
employed [57]. In Japan, routine BMD screening in 
women starts as early as age 40 years [58], whereas 
Australian guidelines recommend DXA tests in all 
men and women aged 70 years and older [59].

In most of Europe, a case-finding approach is 
taken for osteoporosis screening, with recom-
mendations for BMD testing based on risk strati-
fication [60]. In particular, the decision to obtain 
a DXA test for an individual is based upon age- 
specific fracture probability thresholds calculated 
using FRAX (without BMD information). Low- 
risk individuals are recommended not to have a 
DXA test, given the lower likelihood of finding a 
low BMD that would necessitate intervention. 
Importantly, the fracture probability thresholds 
vary considerably by age, with older women 
needing to surpass a higher fracture threshold 
before BMD testing is recommended (see 
Fig. 7.1). Certain European countries, such as the 
United Kingdom, take a further parsimonious 
approach by applying an upper threshold to BMD 
testing, whereby adults with the highest probabil-
ity of fracture are recommended to start osteopo-
rosis treatment without requiring a screening 
BMD test, although BMD measurements might 
be obtained to monitor treatment. In this sce-
nario, only adults with an intermediate fracture 
probability, in whom the addition of BMD results 
might change the decision for intervention, are 
referred for BMD testing [61].

 Effectiveness of Osteoporosis 
Screening Approaches

Several cohort studies have suggested that BMD 
screening can improve osteoporosis treatment 
rates and potentially decrease fractures [62, 63]. 
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However, confounding in these observational 
studies may be difficult to characterize and may 
hamper broad interpretation. A US-based model-
ing study found that screening strategies that initi-
ate BMD screening in women as young as 55 years 
old were more effective and less expensive than 
not implementing any screening strategy [64].

Only three randomized controlled trials have 
been performed to study the effectiveness of 
osteoporosis screening. In one study of women 
aged 45–54  years who were randomized to 
receive screening BMD or usual care, the 
screened group had greater utilization of osteo-
porosis medications over a 9-year follow-up 
period [65]. As this study was initiated prior to 
the widespread introduction of T-scores, women 
were recommended to start on treatment if their 
bone density was in the lowest quartile of the 
population. In intention-to-treat analyses, no sig-
nificant difference in fractures rates was found in 
the screened and control groups, although per- 
protocol analyses restricted to women who 
received DXA scans demonstrated a reduction in 
risk of fractures as compared to controls (hazard 
ratio (HR) = 0.741, 95% confidence interval [CI]: 
0.551–0.998).

Another large randomized screening trial 
evaluated the effectiveness of a FRAX-based 
community screening program on 12,495 women 
aged 70–85 years in the United Kingdom screen-
ing in the community to reduce fractures in older 
women (SCOOP) trial [66]. Women were ran-
domized to usual care versus risk stratification 
based on the FRAX algorithm, with the selected 
use of BMD testing in women who exceeded an 
age-specific FRAX threshold. Among the 14% of 
the study population that was deemed to be at 
high fracture risk, 78% initiated treatment. Over 
5 years of follow-up, screening did not reduce the 
primary endpoint of all osteoporosis-related frac-
tures but did lead to a 28% reduction in hip frac-
tures (HR  =  0.72, 95% CI: 0.59–0.89), a 
prespecified secondary outcome. Furthermore, 
this systematic community-based screening pro-
gram was highly cost-effective [67].

The largest randomized trial of osteoporosis 
screening involved 34,229 Danish women aged 
65–80  years (ROSE trial) [68]. Similar to the 
design of SCOOP, this study also involved a case- 
finding strategy using FRAX-based thresholds to 
guide DXA scan recommendations. Unlike 
SCOOP, treatment recommendations were based 
solely on BMD results and did not take into account 
FRAX intervention thresholds. After a median fol-
low-up of 5  years, there was a small increase in 
osteoporosis medication use in the screening group 
(23% versus 18%, p < 0.001) but no significant dif-
ferences in fracture rates were observed compared 
to controls in intention-to- treat analyses. 
Interpretation of this study is limited given high 
drop-out rates of high-risk women before DXA 
scan. Per-protocol analyses among women who 
received DXA scans did demonstrate a reduction in 
major osteoporotic fractures (HR = 0.87, 95% CI: 
0.77–0.99) and hip fractures (HR = 0.74, 95% CI: 
0.58–0.95) in comparison with controls.

 Steps After Screening

 Intervention Thresholds

Individuals are diagnosed with osteoporosis if 
they have sustained a fragility fracture, or if their 

Fig. 7.1 Osteoporosis assessment guidelines based on 
the 10-year probability of a major fracture. The dotted line 
signifies the treatment intervention threshold. A bone 
mineral density test is recommended for individuals 
where the probability assessment lies in the orange region 
[60]. (With permission from Springer Nature)
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T-score is ≤−2.5 at the posterior–anterior lum-
bar spine, total hip, femoral neck, or 1/3 radius 
[51]. Postmenopausal women and men of age 
50 years and older who have osteoporosis by this 
definition are recommended to start on pharma-
cologic therapy to reduce their fracture risk. 
Numerous randomized controlled trials have 
demonstrated antifracture efficacy of osteoporo-
sis medications among individuals with osteopo-
rotic T-scores [46].

Given the poor sensitivity of using osteopo-
rotic T-score thresholds as a case-finding strategy, 
US guidelines also recommend providing phar-
macologic intervention for high-risk osteopenic 
patients, as defined as adults whose 10-year frac-
ture risk exceeds 3% at the hip or 20% for major 
osteoporotic fracture, as calculated by FRAX 
[48, 50, 52, 54, 69]. These criteria were devel-
oped from US-based cost- effectiveness analyses 
assuming osteoporosis pharmacotherapy costs 
of $600/year [70], and may not apply to other 
countries. The subsequent availability of both 
cheaper generic drugs (<$100/year) as well as 
newer more expensive therapies could conceiv-
ably alter the US cost-effectiveness thresholds. It 
is important to note that there have been no tri-
als that have studied fracture prevention within 
the specific high-risk osteopenic population 
identified by these FRAX criteria. Nevertheless, 
a 6-year randomized placebo- controlled trial of 
2000 women with osteopenic bone density found 
significant reductions in vertebral and nonver-
tebral fractures with zoledronic acid treatment 
[71], demonstrating proof of concept that phar-
macotherapy in an osteopenic population can be 
beneficial. Furthermore, many Food and Drug 
Administration (FDA)-approved osteoporosis 
therapies have demonstrated no statistical interac-
tion between fracture efficacy and baseline frac-
ture risk as assessed by FRAX, which suggests 
that these medications have similar ability to 
reduce fractures across many baseline probabili-
ties of fracture [72–75].

In Europe, osteoporosis treatment is recom-
mended for women with a history of prior fragil-
ity fracture, and among men and women who 
surpass age-dependent intervention thresholds 

based on FRAX-calculated 10-year risk of major 
osteoporotic fracture (see Fig.  7.1) [61].Many 
other countries have instituted a tailored combi-
nation of fixed and/or age-dependent intervention 
thresholds based on FRAX [76].

 Screening Intervals

The optimal BMD screening interval remains 
unclear for individuals who do not meet initial 
intervention thresholds. Several screening 
guidelines suggest a minimum of 2  years 
between repeated BMD tests based on limita-
tions in the precision of DXA testing [46, 50]. 
However, there are conflicting data as to whether 
follow-up testing and/or rate of bone loss 
enhances population- based fracture risk predic-
tion [77–82].

Two studies have investigated the length of 
time for individuals with normal or osteopenic 
bone densities to develop osteoporosis [83, 84]. 
As might be expected, both studies reported that 
the time intervals were highly dependent on 
baseline T-scores, with osteopenic baseline 
BMD predicting a shorter time to osteoporosis 
transition as compared to normal baseline 
BMD.  One study in men and women over the 
age of 60 years found that this timing interval 
was also highly dependent on age, such that 
older adults with normal BMD transition to 
osteoporosis more quickly than younger adults 
[84]. Of note, osteoporosis diagnostic thresh-
olds (based on T-score of −2.5 or lower) differ 
from treatment thresholds (based partly on 
absolute fracture risk), and therefore individuals 
with moderate or high absolute fracture risk 
may benefit from more frequent bone density 
testing to identify the proper timing for inter-
vention [85]. Thus, while younger adults with 
normal BMD may not require repeat testing for 
10–15 years, older patients and those with mod-
erate or advanced osteopenia might benefit from 
testing in 2–5 years. Ultimately, repeat screen-
ing BMD testing is most likely to be valuable 
for individuals with risk factors or comorbidi-
ties that might lead to accelerated bone loss.

7 Osteoporosis Screening and Diagnosis
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 Screening and Diagnosis in Current 
Clinical Practice

Despite the significant burden of osteoporosis 
and the availability of screening tools and treat-
ments, osteoporosis continues to be underdiag-
nosed. In the United States, less than half of 
women recommended for bone density screening 
received a bone density test [86]. There has been 
a decline in BMD testing for younger postmeno-
pausal women since 2006 [87]. Only 34–42% of 
adults who have sustained fragility fractures get 
evaluation or osteoporosis treatment [88]. Given 
the large public health impact of osteoporosis, 
there is more work to be done to improve rates of 
osteoporosis screening to address these important 
diagnostic and treatment gaps.
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New Imaging Techniques for Bone
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 Introduction

Bone mineral density (BMD) assessment by 
dual-energy X-ray absorptiometry (DXA) is an 
important surrogate marker for fracture risk, 
used widely in both clinical and research set-
tings, but fails to capture all factors contributing 
to bone strength and fracture risk. In addition to 
bone quantity, bone strength is also determined 
by qualities of bone such as its geometry, macro-, 
micro-, and nanostructure, and material compo-
sition. This is supported by the observation that 
most fragility fractures (60–80%) occur in 
women with higher bone mineral density than 
the threshold for defining osteoporosis (T-score 
< −2.5 SD) [1–4].

Over the last few decades, considerable prog-
ress has been made in developing noninvasive 
imaging techniques that allow assessment of cor-
tical and trabecular microarchitecture in vivo. A 
novel application, trabecular bone score (TBS), is 
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8

Key Points
• Bone mineral density by dual-energy 

X-ray absorptiometry (DXA) is cur-
rently the gold standard measurement 
for assessing skeletal health and fracture 
risk but has limitations.

• Newer imaging modalities and tech-
niques allow assessment of bone quality 
beyond bone mass and size.

• Trabecular bone score is a gray-scale 
textural analysis that may be applied to 
spine DXA images to enhance fracture 
prediction.

• High-resolution peripheral quantitative 
computed tomography (HR-pQCT) 
allows assessment of cortical and trabec-
ular volumetric densities, structure, and 

geometry. Bone strength can be esti-
mated from HR-pQCT-derived images 
using microfinite element analysis.

• Improvements in magnetic resonance 
imaging technology have made it possi-
ble to assess cortical and trabecular 
microarchitecture at numerous sites.
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a relatively affordable and widely accessible tech-
nology that utilizes spine DXA images to provide 
measurements that correlate with skeletal micro-
structure and is a determinant of fracture risk 
independent of BMD. High-resolution peripheral 
quantitative computed tomography (HR-pQCT) 
allows noninvasive, in  vivo, three- dimensional 
(3D) evaluation of volumetric bone density, mac-
roarchitecture, and cortical and trabecular bone 
microarchitecture. Finite element (FE) analysis is 
a technique that uses HR-pQCT- derived images to 
noninvasively estimate bone strength. Magnetic 
resonance imaging (MRI) has advanced to enable 
greater detailed assessment of cortical and trabec-
ular bone at multiple anatomical sites. Image 
acquisition and analysis, clinical applications, and 
limitations of these existing imaging techniques 
will be the focus of this chapter.

 Trabecular Bone Score

As previously discussed, while DXA has many 
limitations in terms of its ability to predict frac-
ture, it remains the primary tool for skeletal 
assessment and is widely utilized in patient care. 
A novel application called TBS has been devel-
oped for use with DXA images. Trabecular bone 
score is a gray-level textural assessment that is 
an integrated estimate of skeletal microarchitec-
ture [5–7]. The TBS software (TBS Insight, 
Med- Imaps, Meriganc, France) applies an algo-
rithm to a spine DXA image, which creates a 
gray-scale variogram to evaluate and sum the 
differences in the brightness of neighboring pix-
els. This application allows for assessment of the 
spatial variability of the pixels created from the 
DXA image, rather than sum of the brightness of 
the pixels reflecting overall bone mass. This 
method has been validated with the use of micro-
computed tomography (micro-CT), which 
showed that TBS values of ex vivo samples cor-
related with trabecular microarchitecture param-
eters of trabecular bone number, trabecular 
separation, and connectivity density [5]. In a 
study of lumbar vertebrae from 16 donors, TBS 
correlated to trabecular bone volume and bone 
stiffness, although in this small study, TBS did 

not improve prediction of vertebral biomechani-
cal properties beyond areal BMD (aBMD) [8].

The clinical utility of TBS has been demon-
strated in both cross-sectional and prospective 
studies that show that low TBS predicts fracture 
risk independent of aBMD [9–24]. In the 
Manitoba cohort of more than 29,000 women, 
spine TBS predicted fractures as well as spine 
aBMD [9]. In addition, when divided into ter-
tiles, there was a threefold increase in risk of 
fracture in the lowest TBS tertile compared with 
the highest TBS tertile. As established in a subse-
quent meta-analysis showing that TBS is a pre-
dictor of fracture independent of fracture risk 
assessment tool (FRAX), TBS may be divided 
into three tertiles with TBS values ≥1.31 consid-
ered lowest risk, between 1.23 and 1.31 consid-
ered intermediate risk, and ≤1.23 consistent with 
highest risk [25].

However, rather than relying on absolute val-
ues of TBS alone to predict fracture, the most 
useful application of TBS may be its incorpora-
tion into the FRAX fracture prediction model, as 
the addition of TBS-adjusted FRAX calculation 
may change the predicted fracture risk in either 
direction [5, 25, 26]. In addition, the use of TBS 
with FRAX (but not TBS alone) is endorsed by 
various professional societies for clinical use 
such as the International Society of Clinical 
Densitometry and is approved by the U.S. Food 
and Drug Administration [27, 28].

The utility of TBS measurements in longitudi-
nal clinical trials is less well established. While 
TBS changes in response to treatment, [29–35] it 
is currently not known if these changes predict 
fracture risk reduction. In the Manitoba study of 
534 women, the change in TBS did not predict 
fracture risk [36]. Notably, the treatment-induced 
TBS changes in this study were relatively small 
(less than 1% per year). In addition, changes in 
TBS with bisphosphonate treatments are also 
quite modest (less than 1% per year) [30, 31]. 
The effect of anabolic agents on TBS tends to be 
greater than those with bisphosphonates with 
increases of approximately 1–2% per year [27, 
33]. In addition, in the DATA-Switch trial in 
which postmenopausal women received 2 years 
of denosumab followed by 2  years of teripara-
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tide, there was a transient decrease in TBS of 
uncertain clinical significance [37]. Due to these 
relatively small changes in TBS with treatment, 
the use of TBS to monitor treatment cannot cur-
rently be recommended, particularly with antire-
sorptive medication.

Interestingly, there is a lack of consistent cor-
relations between changes in TBS and changes in 
aBMD, which suggests that TBS may provide 
information distinct from DXA-derived aBMD 
[30, 32, 33]. In the large Manitoba study of 534 
women of whom 86% received a bisphospho-
nate, 10% received raloxifene, and 4% received 
calcitonin over a mean duration of 3.7  years, 
changes in TBS and changes in aBMD weakly 
correlated weakly (R  =  0.20) [30]. Similarly 
weak correlations were observed in the Swiss 
Horizon trial of 54 postmenopausal women who 
received zoledronic acid and 53 women who 
received placebo for 36 months [32].

Application of TBS for fracture prediction in 
specific clinical circumstances such as type 2 dia-
betes or glucocorticoid-induced osteoporosis 
may be particularly helpful. In a Canadian cohort 
of 29,407 women over age 50 years, women with 
diabetes were found to be more likely in the low-
est tertile of TBS but not the lowest tertile of 
aBMD at the spine, total hip, or femoral neck 
[38]. In addition, in a cohort of 2758 people 
including 325 men and 370 women with type 2 
diabetes, those with diabetes had lower spine 
TBS and TBS negatively correlated with hemo-
globin A1c [39]. In a study comparing 
glucocorticoid- treated women who had taken 
prednisolone >5  mg/day for over 3  months 
(n = 64), women who sustained a recent fracture 
(n  =  141), and healthy women (n  =  279), TBS 
was lower in those treated with glucocorticoid 
compared with healthy controls despite similar 
BMD by DXA [40].

TBS has also been used to evaluate bone 
health in cross-sectional and prospective studies 
of patients with chronic kidney disease [41–48]. 
In patients with reduced kidney function (stages 
3a–4), adults over age 40  years (n  =  199) had 
lower TBS than those with normal kidney func-
tion in the Canadian Multicenter Osteoporosis 
Study. In addition, those with reduced kidney 

function and TBS value below the median 
(<1.277) had a higher 5-year probability of hav-
ing a fracture than those above the median (18.1% 
versus 6.2%, p  =  0.010) [41]. Use of TBS in 
patients on hemodialysis or who received a kid-
ney transplant also appears to be clinically prom-
ising [42–48]. In a study of 327 kidney transplant 
adult recipients, 31 (9%) kidney transplant recip-
ients sustained an incident fragility fracture over 
a mean follow-up interval of 6.6  years [42]. 
Those who sustained a fracture had significantly 
lower TBS than controls from a general popula-
tion (matched on age, sex, and DXA date) 
(p = 0.003) and lower TBS was associated with 
fracture independent of FRAX.

TBS is not without limitations. Due to applica-
tion of the software to two-dimensional (2D) 
DXA images, TBS is susceptible to some of the 
same technical limitations as DXA. Assessment 
of aBMD may be affected by body habitus, as pre-
viously described, [49, 50] and the use of TBS is 
limited to patients with body mass index (BMI) of 
15–37 kg/m2. In addition, TBS interpretation may 
be influenced by the presence of artifacts on DXA 
such as focal sclerosis. As such, vertebrae that are 
excluded from BMD analysis are excluded from 
TBS.  Finally, reference databases for TBS are 
available for only certain region- and ethnic-spe-
cific patient populations. Given report of differing 
associations between TBS and fracture rates 
among various race/ethnicity and gender groups 
in National Health and Nutrition Examination 
Survey (NHANES) 2005–2008, the use of race/
ethnicity-specific databases may be necessary for 
accurate clinical interpretation of TBS [51].

 High-Resolution Peripheral 
Quantitative Computed 
Tomography

High-resolution peripheral quantitative com-
puted tomography (HR-pQCT), a relatively new 
technology, provides the highest resolution 
in vivo to assess bone density and microarchitec-
ture and may overcome some of the limitations of 
BMD assessment by DXA.  HR-pQCT allows 
three-dimensional in  vivo assessment of volu-
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metric bone mineral density (vBMD), geometry 
(cortical and trabecular area), and microarchitecture 
(cortical thickness and trabecular number, thick-
ness, and separation) by noninvasive acquisition 
of high-resolution images of the distal tibia and 
distal radius, at a relatively low level of radiation 
exposure (Fig. 8.1). Bone can be characterized as 
a whole or separately as cortical and trabecular 
compartments. The distinction between bone loss 
from cortical or trabecular compartments may 
help to better understand the underlying patho-
physiology of various disease states and responses 
to treatment. HR-pQCT also provides a novel 
method of noninvasively estimating integral bone 
strength by use of microfinite element analysis 
modeling of the acquired three-dimensional 
images.

HR-pQCT has been commercially available 
since the mid-2000s. Currently, two models are 
available (Xtreme CT I (XCT I) and Xtreme CT 
II (XCT II)), which both belong to the same com-
pany, SCANCO Medical AG, Brüttisellen, 
Switzerland. The second- generation scanner 
(XCT II), available since 2014, addresses many 
of the challenges of the first-generation scanner 
(XCT I) [52]. As listed in Table 8.1, XCT II has a 

higher spatial resolution (voxel size 61 μm versus 
82 μm), faster average scanning time (2.0 versus 
2.8 min per site), and permits scanning of a larger 
axial length (10.2 versus 9.0 mm) [52].

Since the availability of HR-pQCT over a 
decade ago, there has been an exponential 
increase in its use in clinical research, providing 
new insights into age, sex, and racial differences 
in bone microarchitecture; the effects of a wide 
range of pathological processes on bone struc-
ture; fracture risk determination; and the effects 
of various drug therapies that either improve or 
impair bone structure and strength. The majority 

Full Scan Top Distal Slices Proximal Slices

Fig. 8.1 Second-generation HR-pQCT (XCT II) images of the distal radius

Table 8.1 Comparison of first-generation (XCT I) and 
second-generation (XCT II) HR-pQCT using standard 
patient mode

Parameter XCT I XCT II
Resolution
Voxel size (μm) 82.0 60.7

Minimum voxel size (μm) 45.0 30.3
Scan time (min) 2.8 2.0
Single-effective radiation dose (μSv) <3 <5
Scan region (mm) 9.02 10.24
Field of view, diameter (mm) 126 140
Number of slices 110 168
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of these studies have been conducted using XCT 
I. Although this method confers advantages over 
standard imaging tools, the use of this technology 
is limited to research only.

 Image Acquisition

A detailed description of the methods used for 
image acquisition and analysis are described else-
where [52–56]. In brief, sectional high- resolution 
images of the nondominant distal radius and the 
distal tibia are acquired by X-ray attenuation. 
These sectional slices are then used to produce a 
three-dimensional model. At each site, 110 (XCT 
I) or 168 (XCT II), computerized tomography 
slices are obtained and used to reproduce 9.02 mm 
(XCT I) or 10.24  mm (XCT II) 3D images of 
either the distal radius or the distal tibia. The sin-
gle-scan effective radiation dose is <3 μSv for 
XCT I and <5 μSv for XCT II [55].

The first image acquired is known as the “scout 
view image.” This is a 2D anterior–posterior pro-
jection of the proximal limb acquired by the oper-
ator in order to define the anatomic region to be 
scanned (region of interest, ROI). The anatomic 
landmark, from which the horizontal reference 
line is drawn, is visually identified by the opera-
tor, and then the ROI is offset by a standard dis-
tance from this reference line. It has been 
demonstrated that in vivo precision errors were up 
to threefold greater when variability in scan posi-
tioning was included, but were significantly 
reduced with the use of a systematic training plat-
form [57]. Precision errors were also greater with 
the use of multioperator data sets [57].

Given the marked heterogeneity in bone 
geometry, microstructure and material composi-
tion from slice to slice within a region of a few 
millimeters, it is essential that anatomically 
equivalent regions are measured, between and 
within individuals, in order to avoid misrepresen-
tation of results. Currently a fixed ROI starting 
9.5 mm proximal to the mid radiocarpal joint of 
the radius is used regardless of an individual’s 
age, sex, race, height, or bone length, which may 
lead to errors in measurement. For example, men 
are taller and have longer forearms than women 

[58]. A fixed ROI in a taller person is more distal 
and would overestimate cortical porosity and tra-
becular density and underestimate matrix mineral 
density, whereas a fixed ROI in a shorter person 
would be more proximal and have the opposite 
effect. The net result of these differences would 
be an overestimation of sex trait dimorphisms. 
One proposed way to overcome this error and 
attempt to measure the same anatomical location 
in the forearm might be to position the ROI based 
on a percentage of forearm length, as proposed to 
be standardized in adults as 4.0% at the radius 
and 7.3% at the tibia [59, 60].

Attempting to measure the same anatomical 
region becomes more complex and challenging in 
a growing bone. For example, during skeletal 
development the radius grows predominantly at its 
distal growth plate while the tibia grows at its 
proximal growth plate. In this situation, it is uncer-
tain whether the use of an ROI based on a percent-
age of the total bone length is more appropriate 
than a fixed ROI. Nonetheless, the possibility of a 
positioning error needs to be taken into consider-
ation as failure to do so may lead to misrepresenta-
tion of the pathogenesis and structural basis of 
bone fragility and fracture risk. In the mature skel-
eton, longitudinal assessment of the same ROI is 
made possible by the default image registration on 
HR-pQCT scanners, which permits consecutive 
assessment of the same region by matching simi-
lar-sized slices of the baseline and repeat scans. 
Three-dimensional registration, though not com-
monly used, is another method that has shown 
short-term improvements in precision [61, 62].

Motion artifact can significantly impact the 
quality of images obtained and may render an 
image unusable. Microarchitecture parameters 
appear to be more susceptible to motion artifact 
compared to densitometric or geometric parame-
ters [63–66]. The limb being scanned is fixed in a 
carbon fiber shell to limit motion artifact [66]. 
Although techniques have been developed to 
quantify and correct for motion artifact, rescan-
ning is still the optimal method [65–67]. It has 
been recommended that rescanning be restricted 
to three scans per site as the International 
Commission on Radiological Protection recom-
mends limiting the yearly radiation dose to 
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50 μSv per year. Improved immobilization and 
shorter scanning time with the XCT II will reduce 
motion artifact and improve the quality of the 
scans produced.

 Image Analysis

Upon acquisition of the 3D images, semiauto-
matic or automatic methods are used to segment 
the whole bone into its cortical and trabecular 
compartments [56, 68–70]. In addition to stan-
dard microstructural and volumetric density 
parameters, novel techniques have been devel-
oped to quantify the plate and rod-like structure of 
trabecular bone [71]. Most information regarding 
the accuracy of these measurements are based on 
several ex vivo studies comparing XCT I with the 
gold standard micro-CT [72–76]. Compared with 
micro-CT, XCT I provides moderate to good 
accuracy in evaluating bone density and structure 
of the radius and tibia. Only one ex vivo study has 
compared the measurements derived from XCT II 
with micro-CT [52]. Precision errors, based on 
repeated-measures analyses from in  vivo scan-
ning, are greater in vivo than ex vivo [77, 78] and 
at the radius (<6.5%) than at the tibia (<5.2%) 
[63, 70]. As expected, precision errors are much 
greater for structural (<4.5%) than densitometric 
(<1.5%) parameters [56, 63, 77, 79, 80].

The first-generation scanners (XCT I) have a 
voxel size of 82 μm, which is near the lower limit 
of resolving individual trabeculae [56, 74, 75]. 
Hence, average trabecular thickness (Tb.Th) and 
separation (Tb.Sp) are derived measures from 
trabecular bone volume fraction (BV/TV) and 
trabecular number (Tb. N) [72, 80, 81]. The 
second- generation scanners (XCT II) have 
improved spatial resolution with a voxel size of 
61 μm, which permits direct measurement of tra-
becular microstructure parameters [52]. This is 
important because derived measures are depen-
dent on the accuracy of other measures and model 
assumptions [82, 83]. Indeed, two recent in vivo 
studies that compared bone microarchitecture 
parameters derived from XCT I with those 
derived from XCT II demonstrated strong 

 agreement between most microarchitecture 
parameters except trabecular thickness [55, 84].

In addition to the standard analysis, which 
provides quantification of cortical vBMD, area 
and thickness, the extended cortical analysis 
allows assessment of cortical porosity. This tech-
nique involves generation of periosteal and end-
osteal contours and then segmentation of cortical 
porosity by identification of resolved Haversian 
canals within the cortical compartment. XCT I 
has a voxel size of 82 μm and a spatial resolution 
of approximately 130–160 μm, [78] which pre-
vents accurate quantification of most pores, given 
that 60% of pores are less than 100 μm in diam-
eter [85]. Improved resolution of XCT II should 
allow more accurate assessment of cortical poros-
ity compared to XCT I.

Distinguishing between the cortical and trabec-
ular compartments is difficult because there is lack 
of a clear border delineating these two compart-
ments [86]. Defining this border becomes espe-
cially challenging in advanced age or pathological 
states where unbalanced remodeling fragments the 
cortex adjacent to the medullary canal, resulting in 
thinning of the cortex and increased cortical poros-
ity. This “trabecularization” of the cortex is then 
erroneously “seen” as being part of the medullary 
canal, thereby underestimating cortical porosity 
and overestimating trabecular density [86]. 
Methods attempting to improve the segmentation 
of the cortical and trabecular compartments have 
been developed [69, 87, 88]. A dual-threshold 
approach is currently available as part of the 
HR-pQCT software package and has shown excel-
lent agreement when compared to hand-contouring 
of micro-CT images of the same bones (r = 0.9–
1.0) [70]. Alternative segmentation methods are 
also available as external software. One such 
method uses a non-threshold-based automated 
technique to separate bone from background and 
into its compact appearing cortex, corticotrabecular 
compartment (transitional zone), and trabecular com-
partment [88] It should be noted that this method uses 
only the 49 most proximal HR-pQCT slices 
(SCANCO Medical AG, Brüttisellen, Switzerland), 
where the cortex is thicker and is thought to enable 
more accurate assessment of cortical porosity.
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 Finite Element Analysis

Microfinite element (FE) models of the radius 
and tibia can be created directly from the segmented 
HR-pQCT images and used to noninvasively 
determine local mechanical properties, such as 
failure load and stiffness. The segmented images 
are converted to finite element models using the 
voxel conversion approach [89]. The images are 
binarized to bone and background and then 
directly converted into linear hexahedral ele-
ments that are small enough to assume local 
material isotropy and material homogeneity. 
Under simulated loading conditions, micro-finite 
element analysis (μFEA) outcomes are mechani-
cal properties such as deformations and stress 
maps with one data point per element. In addition 
to this, estimates of bone strength such as integral 
stiffness and failure load can also be derived from 
linear and nonlinear analyses. Some limitations 
of μFEA are that it intrinsically incorporates a 
composite of BMD and structural data and is 
therefore susceptible to errors in measurement of 
these parameters.

 Fracture Risk Prediction

The population burden of fractures occurs in 
women with osteopenia, not osteoporosis [1–4]. 
Use of algorithms, such as FRAX, that combine 
femoral neck aBMD with clinical risk factors for 
osteoporosis still fails to capture a large propor-
tion of women at risk for fracture. Improved 
identification of women at risk for fracture, and 
thus treatment of these women before sustaining 
a fracture, remains an ongoing challenge.

Measurement of bone microstructure and 
strength by HR-pQCT appears to provide 
improved discrimination, compared to aBMD, 
between women with and without a history of 
prevalent fracture [56, 90–97]. In a cross- 
sectional analysis of pooled data from 1379 
Caucasian women from five study centers, con-
sistent and significant deficits in both cortical and 
trabecular traits at the distal radius and tibia, 
independent of total hip T-score, were observed 

in postmenopausal women with prevalent 
fracture(s) compared with those without 
fracture(s) [95].

This study and others have also demonstrated 
that in women with similar BMD, those with 
prevalent fractures have poorer bone microarchi-
tecture and decreased bone strength compared 
with nonfracture controls [56, 95, 97, 98]. In the 
subgroup of women with osteopenia in the above 
study, the risk of major fragility fractures was 
increased significantly (55–88%) per standard 
deviation decrease in total and trabecular vBMD 
[95]. These observations have also extended to 
younger women. In a study of 40 premenopausal 
women with a recent distal radial fracture com-
pared with age-, race-, and BMI-matched control 
subjects, those who had sustained a fracture had 
poorer cortical and trabecular bone microarchi-
tecture at both the radius and tibia compared with 
nonfracture controls, despite both groups having 
similar BMD [97].

In a few studies, the additional value of micro-
architectural parameters in identifying women 
with prevalent fractures occurred only in the sub-
group of women without osteoporosis. In a case–
control study of 68 postmenopausal women with 
forearm fractures and 70 controls, measurement 
of cortical porosity improved the detection rate 
among women with osteopenia but not osteopo-
rosis [99]. Similar observations were made in 
another study of 211 postmenopausal women 
with nonvertebral fracture and 232 controls 
[100]. Cortical porosity was associated with frac-
ture independent of FRAX score in women with 
normal femoral neck BMD (odds ratio [OR] = 
1.88; 95% confidence interval [CI]: 1.21–2.96) or 
osteopenia (OR = 1.40; 95% CI: 1.06–1.85) but 
not in women with osteoporosis (OR = 1.48; 95% 
CI: 0.68–3.23) [100].

A limitation of the majority of current trials 
evaluating the utility of HR-pQCT parameters in 
fracture prediction is their cross-sectional design. 
Although there is improved detection of preva-
lent fractures with HR-pQCT parameters inde-
pendent of aBMD, it was not known if the same 
would apply for incident fractures. Only in the 
last 1–2 years have data from longitudinal studies 
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[101–104] addressed this question. The most 
recent and largest trial conducted to date by the 
Bone Microarchitecture International Consortium 
(BoMIC) provides the strongest evidence that 
HR-pQCT indices enhance fracture prediction 
independently of femoral neck aBMD and FRAX 
[104]. In this study, individual patient data were 
pooled from eight international cohorts to evalu-
ate the association between HR-pQCT bone indi-
ces and incident fracture, after adjustment for 
age, sex, height, weight, and cohort. Additional 
adjustments were also made for femoral neck 
DXA BMD or FRAX.  A total of 7254 partici-
pants (66% women and 34% men), among whom 
92% did not have baseline osteoporosis based on 
femoral neck BMD, were evaluated. Fractures 
occurred in 765 (11%) participants over a mean 
follow-up of 5 years. Eighty-six percent of those 
who fractured had femoral neck T-scores > −2.5 
standard deviations. Cortical vBMD and trabecu-
lar number and thickness at the radius and corti-
cal vBMD and area and trabecular number and 
thickness at the tibia best predicted fracture and 
were noncollinear. Failure load, determined by 
μFEA, was most strongly associated with inci-
dent fracture with a hazard ratio (HR) of 2.13 
(95% CI: 1.77–2.56) for the distal radius and 
HR  =  2.40 (95% CI: 1.98–2.91) for the distal 
tibia for every 1 SD decrease in failure load, after 
adjustment for age, sex, cohort, height, and 
weight. This risk remained similar even after 
adjustment for femoral neck aBMD (HR = 1.76, 
95% CI: 1.48–2.09, for the distal radius, and 
HR  =  1.78, 95% CI: 1.50–2.12, for the distal 
tibia) or for cohort and FRAX (HR = 1.76, 95% 
CI: 1.48–2.09, for the distal radius, and 
HR  =  1.78, 95% CI: 1.50–2.12, for the distal 
tibia) [104]. Finite element analysis may be a bet-
ter predictor of fracture risk as it combines both 
BMD and microarchitectural parameters, which 
could provide a more comprehensive assessment 
of bone strength.

Of interest, after adjustment for ultra-distal 
radius aBMD, only radius trabecular vBMD and 
number remained significantly associated with 
incident fracture risk. Furthermore, neither radius 
microarchitecture parameters nor radius failure 

load was able to significantly improve the area 
under the curve for ultra-distal radius aBMD 
[104]. Similar observations were also noted in 
the recent study conducted by Biver et al. [101] 
and may support a potential role for ultra-distal 
radius aBMD as a predictor of incident fracture 
risk. However, this was a secondary analysis and 
further confirmatory studies are required.

 Monitoring Therapy-Induced Skeletal 
Changes

Treatment-induced changes in bone parameters, 
other than BMD, may contribute to fracture risk 
reduction. HR-pQCT allows assessment of 
treatment- related changes in bone microarchitec-
ture, which previously could only be measured 
invasively by histomorphometric analyses of 
iliac crest bone biopsies. Changes to matrix min-
eral density and estimated bone strength can also 
be assessed by HR-pQCT.

The effects of antiresorptive and anabolic ther-
apies, alone or in combination, on HR-pQCT 
parameters have recently been summarized [105, 
106] and are presented in Tables 8.2 and 8.3 [107–
117]. Antiresorptive and anabolic therapies pro-
duced different effects on bone microstructure and 
bone strength, as assessed by μFEA.  In general, 
current anabolic agents tend to increase cortical 
porosity with an increase or preservation of bone 
strength whereas antiresorptive agents reduce cor-
tical porosity and increase bone strength.

These studies were predominantly conducted in 
postmenopausal women and varied significantly in 
study design, duration, and sample size. In addition, 
none of these studies were designed to assess frac-
ture as a primary outcome; hence, the effects of 
treatment-induced changes in bone density, micro-
architecture, and strength on antifracture efficacy 
are not known. Validation of this is important in 
determining the potential role for HR-pQCT as a 
treatment endpoint in future regulatory clinic trials.

In the majority of these studies, greater treat-
ment responses, in both cortical and trabecular 
compartments, were seen at the distal tibia com-
pared with the distal radius [107, 108, 110–112, 
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Table 8.2 Summary of within-group changes from baseline of trabecular density (trabecular vBMD or calculated BV/
TV), cortical vBMD, and cortical thickness (Ct.Th) at the distal radius in HR-pQCT studies evaluating antiresorptive 
and anabolic treatment

Effect of antiresorptive and anabolic therapy on trabecular and cortical density and cortical thickness at the distal 
radius, as assessed in vivo by HR-pQCT

Study Drug
Duration 
(months) N

Age 
(years)

Distal radius 
Tb.vBMD or BV/
TV

Distal radius 
Ct.vBMD

Distal radius 
Ct.Th

Burghardt et al. 
(2010) [107]

Alendronate 24 13 56 ± 4 NS NS NS
Placebo 24 20 56 ± 2 NS NS NS

Rizzoli et al. 
(2012) [108]

Alendronate 24 42 64 ± 8 NS NS NS
Strontium 24 41 64 ± 8 NS NS NS

Seeman et al. 
(2010) [109]

Alendronate 12 82 61 ± 5 NS NS ~+2 to 3%a

Denosumab 12 83 60 ± 6 ~0 to +1%a ~ 0 to + 0.5%a ~+3 to 4%a

Placebo 12 82 61 ± 5 ~−2%a ~ −1.5%a ~0 to −1%a

Chapurlat et al. 
(2013) [110]b

Ibandronate 24 72 63 ± 5 No difference 
between groups

No difference 
between 
groups

No difference 
between 
groups

Placebo 24 76 63 ± 5

Bala et al. (2014) 
[111]

Risedronate 
(<55 years)

12 112 53 ± 2 −1.60 ± 4.49% NS Not reported

Placebo 
(<55 years)

12 49 53 ± 2 −3.61 ± 8.21% NS Not reported

Risedronate 
(>55 years)

12 109 62 ± 6 NS NS Not reported

Risedronate 
(>55 years)

12 54 61 ± 4 NS NS Not reported

Hansen et al. 
(2013) [112]

Zoledronic 
acid

18 33 70 
(54–
86)

+2.5 ± 5.1% NS NS

PTH (1-34) 18 18 72 
(59–
80)

NS −2.4 ± 4.5% + 2.0 ± 3.8%

PTH (1-84) 18 20 70 
(61–
86)

NS −3.5 ± 3.3% NS

Cheung et al. 
(2014) [113]

Odanacatib 24 72 64 ± 7 +2.57%a +0.78%a +1.57%a

Placebo 24 74 64 ± 6 NS −1.65%a −5.28%a

Schafer et al. 
(2013) [114]

Ibandronate 
and PTH 
(1-84)c

24 43 62 ± 4 +2.26% (1.37, 
3.14)a

−0.76 (−1.33, 
−0.20)a

−1.90 (−2.61, 
−1.18)a

Tsai et al. (2016) 
[115]

PTH (1-34) 24 28 66 ± 8 NS −3.1 ± 3.7% NS
Denosumab 24 31 66 ± 8 +1.9 ± 4.1% +0.7 ± 1.5% +5.1 ± 3.1%
Denosumab 
and PTH 
(1-34)

24 24 66 ± 9 +4.0 ± 3.4% +0.9 ± 1.6% +4.7 ± 5.3%

BV/TV trabecular bone volume fraction, HR-pQCT high-resolution peripheral quantitative computed tomography, NS 
not significant, PTH parathyroid hormone, vBMD volumetric bone mineral density
aValues are means ± SD unless otherwise noted as least-squares means, and if values reported, with 95% confidence 
intervals
bFor the Chapurlat et al. [110] study, significance of within-group changes was not reported
cFor the Schafer et al. 2012 study, subjects were treated within 6 months of PTH (1-84), either as one 6- or two 3-month 
courses, in combination with ibandronate over 2 years
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114, 118]. A possible reason for the discrepancy 
between these two peripheral sites may be reflec-
tive of technical limitations, as movement arti-
facts may compromise the quality of radius scans 

and in some instances render these images unus-
able [64]. In one trial, 28% of images from the 
radius were of poor quality and may have biased 
the results of the study [108].

Table 8.3 Summary of within-group changes from baseline for trabecular density (trabecular vBMD or calculated BV/
TV), cortical vBMD, and cortical thickness (Ct.Th) at the distal tibia in HR-pQCT studies evaluating antiresorptive and 
anabolic treatment

Effect of antiresorptive and anabolic therapy on trabecular and cortical density and cortical thickness at the distal 
tibia, as assessed in vivo by HR-pQCT

Study Drug
Duration 
(months) N

Age 
(years)

Distal tibia Tb.
vBMD or BV/TV

Distal tibia Ct.
vBMD

Distal tibia 
Ct.Th

Burghardt et al. 
(2010) [107]

Alendronate 24 13 56 ± 4 ~ +1 to 2% NS ~ +3 to 4%
Placebo 24 20 56 ± 2 NS NS NS

Rizzoli et al. 
(2012) [108]

Alendronate 24 42 64 ± 8 NS NS NS
Strontium 24 41 64 ± 8 +2.5 ± 5.1% +1.4 ± 2.8% +6.3 ± 9.5%

Seeman et al. 
(2010) [109]

Alendronate 12 82 61 ± 5 +0.5 to 1%a NS +4 to 5%a

Denosumab 12 83 60 ± 6 +1 to 1.5%a +0.5 to 1%a +5 to 6%a

Placebo 12 82 61 ± 5 −0.5 to −1%a −0.5 to −1%a +1 to 2%a

Chapurlat et al. 
(2013) [110]b

Ibandronate 24 72 63 ± 5 No difference 
between groups

Greater increase 
in ibandronate 
group

Greater 
increase in 
ibandronate

Placebo 24 76 63 ± 5

Bala et al. 
(2014) [111]

Risedronate 
(<55 years)

12 112 53 ± 2 NS −1.09 ± 2.41% Not reported

Placebo 
(<55 years)

12 49 53 ± 2 NS NS Not reported

Risedronate 
(>55 years)

12 109 62 ± 6 NS NS Not reported

Risedronate 
(>55 years)

12 54 61 ± 4 +0.40 ± 1.51% +0.50 ± 1.68% Not reported

Hansen et al. 
(2013) [112]

Zoledronic 
acid

18 33 70 
(54–
86)

+2.2 ± 2.2% +1.5 ± 2.0% +3.0 ± 3.5%

PTH (1-34) 18 18 72 
(59–
80)

+ 3.3 ± 5.7% -1.6 ± 4.4% +3.8 ± 10.4%

PTH (1-84) 18 20 70 
(61–
86)

NS −4.7 ± 4.5% −2.8 ± 4.7%

Cheung et al. 
(2014) [113]

Odanacatib 24 72 64 ± 7 2.27%a NS + 2.15%a

Placebo 24 74 64 ± 6 +0.84%a −1.05%a −3.03%a

Schafer et al. 
(2013) [114]

Ibandronate 
and PTH 
(1-84)c

24 43 62 ± 4 + 3.22% (2.35, 
4.10)a

NS NS

Tsai et al. 
(2016) [115]

PTH (1-34) 24 28 66 ± 8 NS −3.2 ± 2.7% NS
Denosumab 24 31 66 ± 8 +1.5 ± 3.1% NS +6.0 ± 4.5%
Denosumab 
and PTH 
(1-34)

24 24 66 ± 9 +2.0 ± 2.8% +1.2 ± 1.6% +8.1 ± 4.3%

BV/TV trabecular bone volume fraction, HR-pQCT high-resolution peripheral quantitative computed tomography, NS 
not significant, PTH parathyroid hormone, vBMD volumetric bone mineral density
aValues are means ± SD unless otherwise noted as least-squares means, and if values reported, with 95% confidence 
intervals
bFor the Chapurlat et al. 2013 [110] study, significance of within-group changes was not reported
cFor the Schafer et al. 2012 study, subjects were treated within 6 months of PTH (1-84), either as one 6- or two 3-month 
courses, in combination with ibandronate over 2 years
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As discussed earlier, issues with segmentation 
and matching an ROI in longitudinal studies are 
an ongoing challenge that may also affect assess-
ment of treatment effects on bone microarchitec-
ture. For example, reports of changes in cortical 
microarchitecture following alendronate were 
inconsistent across three studies that used differ-
ent methods of segmentation [107, 109, 118]. In 
addition, issues with limited resolution with XCT 
I may account for the lack of response observed 
in trabecular parameters in some of these studies. 
In order to permit direct comparison of results, 
improved accuracy and standardization of bone 
microarchitecture estimates are required.

Finally, μFEA provides a method of biome-
chanical estimation of bone strength and can be 
used to provide valuable information regarding 
how therapy-induced changes in bone microar-
chitecture may affect bone strength. As an exam-
ple, there is a greater increase in bending or 
torsional strength with deposition of newly 
formed bone in the cortical compared to the tra-
becular compartment.

 Limitations

Although HR-pQCT has several advantages over 
conventional imaging methods, there are still 
some limitations to its use. At present, HR-pQCT 
can only be applied to the peripheral skeleton 
and it is unclear if these two peripheral sites are 
reflective of axial bone strength at the hip and 
spine. Ongoing issues with image acquisition 
and analysis exist. Images are susceptible to 
motion artifact, beam hardening, and scatter arti-
facts. The heterogeneity in bone morphology 
from slice to slice within a few millimeters of an 
ROI may produce differences due to errors in 
positioning rather than differences in the biology 
of growth, aging, race, sex, or the effects of ther-
apy. Segmentation is an ongoing challenge. The 
XCT II scanner, due to its improved resolution 
(61  μm versus 82  μm), holds promise for 
improved quantification of trabecular parameters 
and cortical porosity but issues with correctly 
apportioning the cortical and trabecular com-
partments remain. Errors in appropriately defin-

ing the endocortical perimeter may overestimate 
trabecular density and underestimate cortical 
porosity and may impact our assessment of the 
effects of aging, disease states, and therapy on 
the skeleton. Further studies evaluating the util-
ity of HR-pQCT parameters, including μFEA, in 
fracture prediction are warranted. Ongoing gen-
eration of normative data from different popula-
tions such as the work by Burt et al. may improve 
its utility in fracture prediction by determination 
of a fracture risk gradient akin to the use of 
T-scores for DXA BMD [119]. At present, offi-
cial endorsements do not exist for the use of 
HR-pQCT in fracture risk prediction. Finally, 
whether assessment of bone microstructure can 
assist in identifying and targeting therapy more 
effectively remains an unmet challenge.

 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a noninva-
sive, nonionizing method of assessing bone 
structure and microarchitecture with several 
measurement techniques currently available 
[120–128]. Magnetic resonance imaging is used 
to quantify both cortical and trabecular struc-
tures, although until recently, most work has 
involved measurement of trabecular bone.

Advances in image acquisition time, signal- 
to- noise ratio (SNR), and spatial resolution have 
improved the accuracy and precision of trabecu-
lar microarchitecture measurements and made it 
possible to scan more proximal sites, such as the 
distal and proximal femur and hip [121, 122, 
129–132]. Relatively novel technical advances in 
measurement of cortical bone, such as the use of 
ultrashort echo tine, [133] have enabled quantita-
tive assessment of cortical bone porosity and col-
lagen bound water in  vivo. Further work is 
required to determine how these properties affect 
bone strength and fracture risk. The application 
of finite element analysis to magnetic resonance 
images of bone microarchitecture is another 
recent development in image processing.

A limited number of relatively small studies 
have provided some evidence for the use of MRI- 
derived bone parameters as potential surrogate 
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markers for fracture risk beyond DXA-derived 
BMD. In one study, postmenopausal women with 
fragility fractures (n = 18) had inferior trabecular 
microarchitecture at the distal radius (lower sur-
face curve ratio, lower trabecular bone volume 
fraction, and higher erosion index) compared to 
the age- and BMI-matched women (n = 18) with-
out fracture [134]. Notably, there were no dif-
ferences in hip, spine, or distal radius 
BMD. Similar results were observed in another 
study of postmenopausal women with fragility 
fractures (n = 22) who were shown to have lower 
MRI- computed elastic moduli of the proximal 
femur, compared to age- and BMI-matched con-
trols without fracture (n = 22), despite no differ-
ences in femoral neck, total hip, or spine BMD 
between the groups [122]. These studies have all 
been cross-sectional in design, and larger, longi-
tudinal trials are required to adequately assess the 
value of MRI-derived bone parameters in inci-
dent fracture risk prediction.

The use of MRI to monitor changes in bone 
microarchitecture in response to oral bisphospho-
nates, parathyroid hormone (PTH 1-84), and estra-
diol therapy has also been conducted [128, 
135–137]. Although these studies indicated that 
MRI is a more sensitive measure of treatment- 
induced changes than aBMD, these studies have 
been relatively small and of short duration (12–
24 months), and the antifracture efficacy of these 
treatment-induced changes in bone structure, mea-
sured by MRI, has not been determined. 
Furthermore, the additional clinical utility of mea-
suring these changes in microarchitectural param-
eters by MRI, beyond that provided by aBMD or 
other methods and existing imaging modalities 
such as HR-pQCT, needs to be established.

 Summary

The advent of newer imaging modalities has 
allowed for detailed assessment of both cortical 
and trabecular compartments and provided novel 
insights in our understanding of skeletal patho-
physiology and treatment effects. Trabecular bone 
score is clinically available for use with FRAX to 
improve fracture risk prediction. Improvements in 

HR-pQCT and MRI may enhance fracture predic-
tion independent of DXA BMD, particularly in 
secondary osteoporosis or osteopenia, where the 
use of DXA is limited. While these imaging tech-
niques are generally sensitive to treatment effects, 
antifracture efficacy based on these changes is not 
known. Further work using finite element analysis 
to estimate bone strength may improve fracture 
risk prediction and allow better assessment of 
treatment efficacy.
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 Introduction

While radiographic approaches such as Dual- 
energy X-ray absorptiometry (DXA) remain a 
primary diagnostic modality to assess for osteo-
porosis and fracture risk, radiographic methods 
have several limitations. Radiographic methods 
tend to respond relatively slowly to disease pro-
cesses or therapeutics that influence bone metab-
olism, and there is commonly an interest in 
assessing therapeutic or disease-mediated impact 
on bone before radiographic changes are detect-
able [1]. Moreover, it has become apparent that 
radiographic measures of total bone mass only 
capture a portion of fracture risk, thus spurring 
interest in complimentary alternative approaches 
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Key Points
• Many bone turnover markers (BTMs) 

are themselves the product of secretion 
or resorption of the organic bone matrix. 
In addition to reflecting alterations in 
bone metabolism, changes in the levels 
of a number of BTMs can be associated 
with other processes, thus interpretation 
in a clinical context is critical.

• Pre-analytic variation is a major chal-
lenge to effective clinical implementa-
tion of BTMs, but its effects can be 
minimized through careful patient 
selection and standardization of phle-
botomy practice.

• The clinical utility of BTMs to predict 
bone loss or fracture remains limited.

• The pattern of BTM changes in response 
to osteoporosis treatment is well charac-
terized and serves as a useful surrogate 
to understand skeletal physiology in a 
research setting.

• While monitoring BTM levels is not 
standard clinical practice, bone forma-
tion markers may be used to predict 
antiresorptive antifracture efficacy in 
future trials as based on the recent 
Foundation for National Institutes of 
Health report.
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such as serum or urine biomarkers that reflect the 
dynamics of bone turnover (hereafter, bone turn-
over markers, BTMs) [2, 3].

Ultimately, bone mass reflects the balance in 
activity between bone formation by osteoblasts 
and bone resorption by osteoclasts. Accordingly, 
BTMs can also be mapped to these cell types. 
Generally, anabolic markers reflect either charac-
teristic proteins secreted by osteoblasts, such as 
bone-specific alkaline phosphatase (BSAP), or 
matrix protein fragments thereof that are released 
into circulation when the organic matrix of bone is 
secreted. The most widely utilized markers of 
bone resorption all tend to be fragments of matrix 
proteins that are released into circulation during 
the course of controlled proteolysis that accompa-
nies bone resorption. Here we will first profile the 
bone turnover markers with the widest clinical uti-
lization, reviewing the composition of each of 
these markers and how they relate to bone physiol-
ogy. Next we will consider how both pre- analytic 
variation and differences in analytic methods pose 
challenges to the clinical use of BTMs. Lastly, we 
will review evidence supporting the use of BTMs 
for a variety of clinical applications.

 C- and N-Terminal Telopeptides 
of Type I Collagen

Type 1 collagen is the major organic component 
of bone, and, accordingly, many BTMs represent 
type 1 collagen fragments generated during 
matrix secretion or resorption. After secretion and 
processing of the propeptides, triple-helical col-
lagen is flanked by non-helical regions near the 
N- and C-terminal regions termed the C-terminal 
and N-terminal telopeptides (CTX and NTX). 
These telopeptides are cleaved when osteoclasts 
resorb bone, with CTX resulting from cathepsin 
K-mediated as opposed to matrix metalloprotein-
ase-mediated cleavage [1, 2]. Matrix metallopro-
teinase or trypsin-mediated digestion releases an 
alternative peptide fragment, termed the 
C-terminal cross-linked telopeptide of type I col-
lagen (ICTP). As MMPs are implicated in certain 
forms of pathologic inflammatory or tumor-medi-
ated bone destruction, ICTP may be conceptually 

well suited to monitoring these processes [1, 3]. 
However, ICTP assays are currently not widely 
available for clinical use.

The two most widely used automated CTX 
assays recognize an octapeptide sequence within 
the α1 chain telopeptide. Notably, the CTX octa-
peptide also contains an aspartic acid that under-
goes isomerization over time, converting from the 
newly synthesized form (αCTX) to an isomerized 
form (βCTX). Due to the potential presence of 
lysine crosslinks between α1 chains in the CTX 
peptide, both monomeric (αCTX and βCTX) and 
dimeric (α-αCTX, α-βCTX and β-βCTX) forms of 
CTX occur. Due to the gradual conversion of 
αCTX to βCTX, the ratio of αCTX to βCTX has 
been proposed to provide information on the dura-
tion of time between collagen deposition and 
resorption, though further study is needed to deter-
mine the potential clinical utility of this ratio. CTX 
assays can show a relative preference for any of 
these forms of CTX, with most of the “Crosslaps” 
assays preferentially recognizing β-βCTX, and the 
“Alpha CTX” assays preferentially recognizing 
α-αCTX.  In addition to recognizing the isomer-
ized forms of CTX, assays have also been devel-
oped to recognize racemized forms of the CTX 
peptide, allowing discrimination of native, isomer-
ized, racemized, and isomerized and racemized 
forms of CTX [4, 5]. NTX is the N-terminal telo-
peptide of the α2 collagen chain that participates 
in crosslinks with either α1 or α2 chains.

CTX and NTX assays generally show only 
modest differences in analytic and clinical per-
formance [6]. As both CTX and NTX are renally 
cleared, these assays can be conducted on either 
serum, plasma, or urine. However, NTX is often 
run on urine, and CTX is often run on serum. 
This preference is due in part to serum NTX 
showing a relatively blunted response to antire-
sorptive therapy [7].

 N-Terminal and C-Terminal 
Propeptide of Type 1 Procollagen 
(PINP, PICP)

Type 1 collagen is initially synthesized by osteo-
blasts as an intact procollagen molecule contain-
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ing globular propeptide sequences on the N- and 
C-termini (PINP and PICP, respectively). These 
propeptides are cleaved shortly after collagen 
secretion, and accordingly, PINP and PICP are 
anabolic markers reflecting rates of collagen pro-
duction by osteoblasts. Immediately after pro-
cessing, PINP is present as a trimer of the three 
type 1 collagen propeptides, and this trimer can 
subsequently disassociate into monomers. Assays 
recognize either both monomeric and trimeric 
PINP (termed total PINP) or just trimeric PINP 
(termed intact PINP). As monomeric but not tri-
meric PINP undergoes renal clearance, total 
PINP levels are elevated in renal failure, imply-
ing that intact PINP assays are preferred for 
patients with renal insufficiency [8]. Trimeric 
PINP undergoes hepatic clearance through the 
scavenger receptor [9].

Interestingly, PICP does not undergo the same 
disassociation to monomeric forms described for 
PINP, likely due to stabilization by intrachain and 
interchain disulfide bonds. Accordingly, PICP is 
not cleared renally, but instead undergoes uptake 
through hepatic mannose receptors [10]. As the 
expression of mannose receptors is regulated by 
differing progesterone levels during the course of 
the menstrual cycle (or during pregnancy), this 
has led to concern that this or other factors regu-
lating mannose receptor expression may have a 
confounding effect on PICP levels [11].

 Osteocalcin

After collagens, Osteocalcin (OC, gene symbol 
BGLAP) is the most abundant protein compo-
nent of bone matrix. OC is a relatively small 
calcium- binding soluble protein that is produced 
by osteoblasts and is incorporated into the bone 
matrix at the time of synthesis. While the major-
ity of OC produced by osteoblasts is incorporated 
into the bone matrix, a fraction escapes into the 
systemic circulation at the time of synthesis. 
Thus, OC is largely utilized as a marker of ana-
bolic bone formation, and, accordingly, OC lev-
els correlate with bone formation parameters as 
measured by histomorphometry [12]. However, 
OC embedded in the bone matrix can be released 

into serum during bone resorption, raising the 
possibility that in some conditions increased cat-
abolic activity may also contribute to OC levels.

The functional role of circulating osteocalcin 
has been an area of recent interest. Osteocalcin 
has been nominated as the secreted mediator of 
osteoblast effects on muscle function, insulin 
secretion, and male fertility [13–16]. There is 
interest in clinical assays that reflect this biology 
by measuring osteocalcin levels [17]. Relevant to 
this, osteocalcin is subject to vitamin K-dependent 
γ-carboxylated on three glutamic acids at the time 
of synthesis in osteoblasts (amino acids 13, 17, 
and 20). A portion of osteocalcin undergoes 
decarboxylation subsequent to synthesis, and 
only this fraction of osteocalcin may mediate sys-
temic effects, especially with regard to the meta-
bolic effects of OC [18]. Accordingly, treatment 
with vitamin K antagonists lowers both levels of 
OC carboxylation and total serum OC levels [19]. 
In mediating systemic effects, OC acts through a 
family of orphan G protein- coupled receptors, 
with Gprc6a identified as important for the effects 
of osteocalcin on fertility, and a recent report sug-
gests that osteocalcin may have effects on the cen-
tral nervous system through Gpr158 [16, 20–22].

When considering OC assays, it is important 
to note that OC undergoes proteolytic fragmenta-
tion by plasmin and other proteases [23]. 
Accordingly, OC is present in variety of N- and 
C-terminal truncated forms in both urine and 
serum [21, 24]. These truncated fragments con-
tain amino acid isomerization forms suggestive 
of proteins that have been maintained for 
extended periods after synthesis, suggesting that 
these OC fragments are enriched for the fraction 
of OC that is liberated by osteoclastic bone 
resorption [24]. Accordingly, ELISA using a 
reagent antibody targeting an epitope at amino 
acids 21–29 shared by many of these fragments 
shows rapid responses to anti-resorptive therapy 
[24]. OC assays show differing reactivity for 
these OC fragments, with some assays solely 
reacting with the full-length “intact” OC [25, 26].

Due to the rapid proteolytic processing of OC, 
analyte stability has been a major barrier to wide-
spread, routine adoption of clinical OC measure-
ment. Specimens collected for OC assay have 
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special requirements, needing to be kept at 4 °C 
and assayed within 4 h of collection. Hemolysis 
also lowers OC levels by promoting OC proteoly-
sis [27]. Oxalate, fluoride, and citrate tubes were 
found to significantly decrease OC levels and are 
not recommended for OC measurement [27].

 Pyridinoline (PYD) 
and Deoxypyridinoline (DPD)

The fibrillar collagen network of bone is stabi-
lized by crosslinks formed both within collagen 
fibrils and between collagen fibrils, and these 
crosslinks are critical for the overall biomechani-
cal strength of bone [28, 29]. Pyridinoline (PYD) 
and deoxypyridinoline (DPD) are PYD-specific 
forms of crosslinks occurring between lysine or 
hydroxylysine residues in the collagen telopep-
tides pairing with residues within the triple- 
helical region. Different forms of PYDs are 
present depending on which three amino acids 
are participating in the crosslink. PYD (also 
termed Hydroxylysl PYD) is formed from three 
hydroxylysine residues, whereas DPD (also 
termed lysyl PYD) is formed from one lysine and 
two hydroxylysine residues. PYD crosslinks are 
found in a variety of tissues, including cartilage, 
bone, ligaments, and blood vessel adventitia. 
DPD crosslinks are specific to bone and dentin 
and thus may be less subject to confounding 
under conditions influencing cartilage or liga-
ment matrix turnover. The ratio between urinary 
DPD/PYD has been found to be fairly invariant at 
approximately 0.2  in both controls and patients 
with metabolic bone disease, though deviations 
from this ratio may be found in specific subsets 
of osteogenesis imperfecta or in patients with 
type IV Ehlers-Danlos syndrome due to muta-
tions in the PLOD1 enzyme responsible for for-
mation of PYD [30–33].

PYD crosslinks are relatively stable, persisting 
after bone resorption and collagen degradation 
until they are cleared by the kidney. For this rea-
son, PYD and DPD are considered resorption 
markers. In the urine, approximately 50–70% of 
PYDs are present in protein-bound complexes and 
the rest are soluble-free species. PYDs are mea-

sured either by HPLC-based fractionation and 
quantitation of their native fluorescence or by an 
immunoassay [33–35]. Total urinary PYDs can be 
measured through an acid hydrolysis step to liber-
ate protein-bound PYDs or can alternatively only 
measure free PYDs by omitting this step [34].

 Bone-Specific Alkaline Phosphatase 
(BSAP)

Osteoblasts characteristically express a bone- 
specific isoform of the ALPL gene (BSAP, unique 
due to a distinct glycosylation pattern) early in 
their process of differentiation into mature bone- 
forming osteoblasts. ALP activity is a classic 
osteoblast marker used for in vitro studies, and 
in vivo osteoblasts release BSAP into circulation 
in a manner proportional to their number and 
activity [36]. BSAP activity is functionally 
important during skeletal mineralization to cleave 
local pyrophosphate, an endogenous inhibitor of 
mineralization. Indeed, patients or mice with 
hypophosphatasia due to mutations in ALPL 
show a potentially severe rickets-like phenotype 
(see Chap. 5) [37, 38]. Accordingly, total ALP 
enzymatic activity levels can correlate with bone 
remodeling, especially in disorders of markedly 
high bone turnover, such as Paget’s disease of 
bone. However, total unfractionated alkaline 
phosphatase activity measured in serum or 
plasma is the sum of the activity of four different 
alkaline phosphatase genes (ALPI, ALPL, ALPP, 
ALPP2) and an even greater number of isoforms 
encoded by these genes. Thus, the utility of total 
ALP in the evaluation of bone pathology is lim-
ited under most conditions. To address this, a 
number of approaches have been used to frac-
tionate total ALP activity to selectively measure 
BSAP.  These include heat fractionation 
approaches that build upon observations that 
BSAP is more heat labile than liver or placental 
forms of alkaline phosphatase, though heat frac-
tionation has a relatively poor ability to reliably 
distinguish between ALP isoforms [39]. Zone 
electrophoresis followed by ALP enzymatic 
activity visualization with α-napathyl phosphate 
has also been used for clinical fractionation of 
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ALP isoforms, but its application is relatively 
labor and skill intensive, rendering this approach 
not suitable for high-volume or automated appli-
cation. Moreover, zone electrophoresis in some 
instances shows a suboptimal resolution of liver 
and bone isoforms of ALP, though wheat germ 
lectin-based selective subtraction of sialic acid- 
rich BSAP has been used as a solution to this 
limitation [40–42]. Due to these limitations of 
these other ALP fractionation methods, isoform- 
specific immunoassays are currently the most 
commonly utilized method to selectively mea-
sure BSAP in routine practice. However, the cur-
rent BSAP immunoassays do display some 
degree of cross-reactivity with liver alkaline 
phosphatase, and a proportional bias is observed 
in comparing BSAP immunoassays with electro-
phoresis methods [42, 43]. Thus, elevated BSAP 
levels must be interpreted in caution in patients 
with liver disease.

 Sources of Pre-analytic Variation 
and Bias in Measurements of BTMs

For many biomarkers, the greatest source of bias 
and imprecision in measurement comes not dur-
ing the assay itself (analytic factors) but is rather 
a consequence of factors that occur prior to assay 
(pre-analytic factors), including patient demo-
graphics, comorbid conditions or substances 
interfering with the assay present in the patient, 
or issues relating to how and when the analytic 
specimen is obtained, transported, and stored 
prior to assay. Some of these factors, especially 
those related to specimen collection, can be con-
trolled through rigorous application of clinical 
protocols designed to standardize specimen draw. 
Others, such as patient demographics, are inher-
ently uncontrollable for a given patient.

Bone resorption displays stereotypic circadian 
variation, with a peak in levels of resorptive mark-
ers between midnight and 8:00 AM and a corre-
sponding nadir in the afternoon [44]. While most 
BTMs are subject to circadian rhythms, CTX has 
been suggested to have particularly large circa-
dian variations. Seasonal variation in BTM levels 
is also observed, as bone turnover peaks during 

winter months. Premenopausal women appear to 
be the most subject to seasonal influence on BTM 
levels [45]. Bone formation markers appear to be 
less affected than resorption markers by these fac-
tors [46]. Due to these issues, it is recommended 
that BTM levels be consistently drawn in the 
morning after an overnight fast.

BTMs also display a postprandial decrease, 
which is thought to contribute to the early morn-
ing peak in CTX levels. This effect is due to the 
effects of gastrointestinal hormones, such as 
glucagon- like peptide 2 on bone resorption [47]. 
Exercise can acutely change BTM levels, and it is 
recommended that exercise be avoided for 48 h 
prior to obtaining a specimen for BTM measure-
ment. Bone turnover also displays variation 
across the menstrual cycle, with increased levels 
during the follicular phase and decreased levels 
during luteal phase. In premenopausal women, it 
is recommended that sampling ideally occur dur-
ing the follicular phase [48].

Demographic factors also impact BTM levels. 
The high levels of bone turnover that accompany 
bone modeling in children lead to greatly 
increased baseline BTM levels for bone anabolic 
and catabolic markers. These levels correlate 
with the rate of increase in height, peaking during 
puberty [49]. BTM levels tend to be higher in 
young men than in young women, however in 
postmenopausal women, the relative increase in 
bone resorption reverses this difference [50].

 Another source of confounding in the mea-
surement of BTMs is that some comorbid condi-
tions may cause BTM elevations. This can occur 
via three distinct mechanisms, each with different 
clinical implications.  An important example of 
this is that BTMs are elevated during pregnancy, 
increasing over the course of gestation and con-
tinuing to increase postpartum during lactation 
[51]. Increased BTM levels in pregnancy may in 
large part be due to underlying changes in bone 
metabolism, though it is important to note addi-
tional contributing physiologic changes in renal 
function and plasma volume. While resorptive 
BTMs may be truly elevated by each of these con-
ditions, it is unclear if elevations occurring 
through these comorbid conditions impart an 
equivalent fracture risk as if the same BTM levels 
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were seen as baseline values. Other examples 
include osteomyelitis and systemic infectious or 
inflammatory disorders promoting bone resorp-
tion [52]. BTMs are also elevated after fracture 
due to remodeling at the fracture site [53]. A sec-
ond mechanism is that comorbid conditions can 
cause a true rise in the BTM being measured due 
to the remodeling of the extracellular matrix pres-
ent in a non-bone organ. For instance, cutaneous 
and pulmonary involvement in systemic sclerosis 
are associated with increases in BTM levels [54, 
55]. Congestive heart failure and dilated cardio-
myopathy are also associated with changes in 
BTM levels [56, 57]. Lastly, comorbid conditions 
can influence the levels of BTM analyzed by 
altering their clearance. Chief among this cate-
gory of effect is the impact of renal insufficiency 
on levels of many BTMs, including CTX, NTX, 
and monomeric forms of PINP [58]. Assays that 
measure an osteoclast-derived form of tartrate-
resistant acid phosphatase (TRAP5b) have been 
proposed as resorption markers suitable for use in 
renal insufficiency due to avoiding renal clear-
ance [59]. However, outside of this context, 
TRAP5b appears to be inferior to CTX or NTX in 
its ability to predict fracture risk [60]. Among 
bone anabolic markers, BSAP is not renally 
cleared and may have utility in the setting of renal 
insufficiency [61].

 Harmonization of BTM 
Measurement

Harmonization is the process of ensuring that a 
series of assays measuring the same analyte pro-
vide comparable results in the absence of a gold 
standard method [62]. This is usually contrasted 
with standardization, which is the process of 
ensuring that a series of assays provide compara-
ble results to an established gold-standard refer-
ence method or a reference calibrator. As most 
BTMs lack an established gold-standard reference 
method or traceable calibrators suitable for formal 
assay standardization, harmonization efforts are 
the most relevant to BTM measurement. Given 
that many of the BTMs discussed above represent 

complex analytes with multiple isoforms, cleavage 
forms, or other posttranslational modifications, 
harmonization is critical to allow BTM values to 
be compared among different analytic methods. 
This in turn is critical for allowing BTM data to be 
compared between institutions, which is important 
for the ability to (1) pool testing results performed 
at multiple laboratory sites as part of a multicenter 
clinical trial, (2) conduct meta-analyses utilizing 
BTM data, or (3) utilize published literature on 
BTMs to guide local practice at a given institution. 
A proposed strategy to address the lack of harmo-
nization in BTM measurement is to focus efforts 
on one reference resorption marker, serum CTX, 
and one reference anabolic marker, serum PINP 
[63]. Progress in these harmonization efforts 
includes the adoption of consistent reporting units 
for serum/plasma CTX to ng/L and for PINP to 
μg/L and ongoing efforts to provide assay harmo-
nization guidelines [64].

 Reference Intervals in BTM 
Measurement

While reference intervals are typically ideally 
generated from age- and gender-matched healthy 
controls, in older patients, the prevalence of meta-
bolic bone disease may be high enough to pre-
clude the use of age-matched reference intervals 
as values reflective of desirable levels of bone 
turnover. Thus, for some uses of BTMs, it is nec-
essary to apply an approach similar to that used 
for the reporting the T-score DXA scanning, for 
much the same reason, where patient results are 
compared to an age-invariant relatively young 
cohort representative of adult bone health prior to 
the engagement of aging-associated forms of 
bone loss [65]. It is also recommended that refer-
ence intervals be matched to ethnicity and nation-
ality. Reference values in pre-menopausal women 
have been generated for a variety of nationalities 
for CTX and PINP [64]. Additionally, given the 
demographic effects on baseline BTM levels, it is 
important that these be taken into consideration 
when choosing a reference range for a given 
patient. Importantly, as research into BTMs has 
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focused on postmenopausal women, little data is 
available for establishing reference ranges in chil-
dren. There have also been fewer reference data 
for men given the female predominance of osteo-
porosis. Recent work has, however, aimed to 
establish reference ranges for older men [66, 67].

 The Least Significant Change

The substantial, largely pre-analytic, variance in 
BTM levels poses a practical challenge for the 
clinical interpretation of serial BTM levels as it 
can be difficult to know whether a change in 
BTM levels represents a meaningful alteration or 
is within the expected range of biologic and ana-
lytic variance. A concept that has been applied to 
BTMs to address this challenge is the least sig-
nificant change (LSC), the minimum alteration in 
the levels of a BTM that is statistically unlikely to 
be due to biologic or analytic variability. While 
the LSC would ideally be defined with reference 
to both local patient populations and analytic 
procedures at a given institution, literature values 
provide practically useful points of reference, 
with many serum BTM analytes having LSC val-
ues in the 20–30% range and many urinary BTMs 
having much higher LSCs >70% [7, 68]. If serial 
monitoring of BTM levels is used to assess thera-
peutic response rates, the difference in LSC 
among BTMs can result in very different assess-
ments of response rates depending on the analyte 
monitored [68]. Notably, in addition to the LSC, 
others have suggested that both absolute levels 
and percent change should be taken into account 
in assessing treatment response [69].

 Potential Clinical Applications 
for BTMs

 Use of BTMs in Osteoporosis

 Prediction of Bone Loss
Since total bone mass is a result of osteoclast and 
osteoblast activity, clinical use of BTMs remains 
an active area of investigation. During the peri-

menopausal transition, bone resorption rapidly 
increases followed by increases in bone forma-
tion, presumably due to coupling between osteo-
clastic and osteoblastic activity [70]. While this 
pattern of change in bone turnover marker levels 
during the perimenopausal transition is well doc-
umented, the relationship between bone turnover 
marker levels and subsequent bone loss in older, 
“late” menopausal women is less clear [71]. 
Overall, the predictive value of BTMs for bone 
loss in older Caucasian women is modest, and 
without clear thresholds, screening for change in 
bone turnover markers is not recommended [71].

Of note, rather than assessing single individ-
ual BTMs, a creative idea is to combine both 
bone formation and resorption markers in models 
together in order to predict bone loss based on the 
premise that the net bone balance may predict 
bone loss. Various models include a bone balance 
index or an estimate of bone balance using 
T-scores of BTM values. The bone balance index 
(BBI) is a model that is based on regression to 
determine the relative amounts of OC versus 
urine NTX in a patient cohort with stable bone 
mass [72]. Alternatively, T-scores may be calcu-
lated based on a reference database of premeno-
pausal women and “bone balance” is estimated 
by subtracting the bone resorption T-score from 
the bone formation T-score [73]. At this time, 
these models are used for research only.

 Prediction of Fracture Risk
Since measurement of bone mineral density may 
not fully capture patients at high fracture risk, use 
of other surrogate markers such as BTMs has been 
assessed to predict fracture risk. While bone forma-
tion markers do not have clear utility in fracture 
prediction, multiple studies have demonstrated that 
elevated bone resorption markers are predictive of 
fragility fracture [74]. This association of increased 
bone resorption markers was predictive for short-
term fracture risk (in the immediate 5 years) but did 
not remain predictive in longer-term follow-up 
[75]. As such, use of BTMs alone to predict frac-
ture risk is not standard clinical practice.

Of note, BTM levels are known to be altered in 
many conditions that may cause secondary osteo-
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porosis. For example, bone mineral density 
(BMD) measurements underestimate fracture 
risk for patients with diabetes, and characteriza-
tion of BTM levels in individuals with type 1 or 
type 2 diabetes is ongoing [76, 77]. The utility of 
BTM levels to predict fracture risk in these popu-
lations with secondary osteoporosis remains an 
area of active investigation.

 Use of BTMs in Monitoring 
Osteoporosis Treatment

In contrast to the use of BTMs for prediction of 
bone loss and fracture, the clinical utility of 
BTMs to monitor osteoporosis therapy has been 
more promising, as discussed below.

 Pattern of BTMs with Treatment
The change in BTMs with various osteoporosis 
treatments is well characterized. Antiresorptive 
medications suppress bone resorption marker 
levels, as well as bone formation markers. The 
nadir (typically occurring at months 1–3) and 
duration of effect on BTMs vary with the 
potency of each antiresorptive with the greatest 
antiresorptive effect observed with parental 
treatments such as zoledronic acid or deno-
sumab [78–82].

In contrast to antiresorptives, parathyroid hor-
mone (PTH) analogs such as teriparatide (PTH 
1-34) and abaloparatide (a synthetic variant of 
PTH-related protein 1-34) increase bone forma-
tion markers within 1 month of treatment followed 
by more modest increases in bone resorption with 
a net overall result of an increase in bone mass [83, 
84]. The greatest increases of BTMs are in the first 
year, followed by a plateau of both formation and 
resorption markers after 1 year.

The pattern of BTM changes with romoso-
zumab, an anti-sclerostin antibody, contrasts with 
other anabolic medications [85]. Romosozumab 
results in a simultaneous transient increase in 
bone formation as well as a decrease in bone 
resorption markers during the first 3  months. 
While there is a persistent antiresorptive effect, 
there is a gradual decrease in bone formation 
markers back to baseline by the end of 1 year of 

treatment. The mechanism(s) that underlie why 
bone formation marker levels are not sustained 
with prolonged romosozumab treatment are not 
yet well understood.

Additionally, combination anabolic and anti-
resorptive therapy has been studied in postmeno-
pausal women with osteoporosis. The 
combination of denosumab and teriparatide sup-
pressed serum CTX similarly to denosumab 
monotherapy over 24 months [86]. This unique 
combination contrasts with bisphosphonate- 
containing combinations in which combined 
zoledronic acid and teriparatide suppressed CTX 
transiently and combined alendronate with PTH- 
analogs suppressed bone resorption less than 
alendronate alone [87–90]. While these studies 
may not be directly comparable, differences in 
the pattern of bone resorption may account for 
the differential effect of the denosumab and terip-
aratide combination which results in the largest 
increases in BMD compared to bisphosphonate- 
containing combinations.

Given these known changes in BTMs with 
treatment, the use of BTMs to confirm compli-
ance with medications and/or adequate absorp-
tion of medications remains an attractive strategy. 
However, due to cost and limitations in marker 
variability in a clinical setting as previously dis-
cussed, assessing BTM levels is not standard 
clinical practice to monitor absorption and com-
pliance of therapy.

 Use of BTMs to Predict Clinical 
Outcomes
Both baseline values and early changes in BTMs 
induced by treatment predict BMD changes. 
Baseline values of PINP correlate positively with 
teriparatide-induced 18- and 24-month increases 
in spine and hip BMD [65, 91]. Additionally, 
early 1- and 3-month increases in PINP were pre-
dictors of 1- to 2-year increases in spine BMD in 
those receiving teriparatide [65, 92]. Similarly, 
early decreases in BTM levels induced by 
bisphosphonates and denosumab correlated with 
2–3-year increases in BMD [93, 94].

Despite these predictive relationships between 
BTMs and the increase in BMD, the ability of 
BTMs to predict fracture risk with treatment had 
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been inconsistent among individual studies [95]. 
These inconsistencies may be due to the wide 
variety of markers measured in each study. In 
general, many studies showed at least one BTM 
with positive predictive ability independent of 
BMD. For example, in the posthoc analysis of the 
Fracture Intervention Trial (FIT), greater 
decreases in serum PINP, BSAP, and CTX with 
alendronate treatment were associated with a 
greater reduction in spine and hip fractures [96]. 
Similar relationships were observed with PINP 
and zoledronic acid in the Health Outcomes and 
Reduced Incidence with Zoledronic Acid Once 
Yearly-Pivotal Fracture Trial (HORIZON-PFT) 
study [97]. More recently, results from the 
Foundation for National institutes of Health 
(FNIH) Consortium to assess change in BTMs in 
antiresorptive trials as a surrogate for fracture 
outcomes were promising [98]. In this study, 
individual-level analysis of pooled change in 
bone ALP, PINP, and N-terminal and C-terminal 
telopeptide of type I collagen of 28,000 partici-
pants who received bisphosphonates or selective 
estrogen receptor modulators were assessed. The 
change in bone ALP and PINP showed the stron-
gest relationship for vertebral fracture risk reduc-
tion (r2 = 0.82, p < 0.001 and r2 = 0.75, p = 0.011, 
respectively) and non-statistically significant 
relationships with nonvertebral and hip fracture 
outcomes. To extrapolate from those results, for 
example, a 12% net reduction in bone ALP would 
predict a 33% reduction in vertebral fracture risk 
and a 22% net reduction in PINP would predict a 
30% reduction in vertebral fracture risk. For bone 
resorption markers, all relationships were weaker 
and not significant for each fracture type. Based 
on these results, bone formation markers may be 
useful to predict vertebral fracture efficacy of 
new antiresorptive drugs or new dosing regimens 
with currently approved antiresorptive drugs.

Lastly, monitoring BTM levels after discontin-
uing therapy, commonly called a “drug holiday,” 
in order to assess fracture risk and guide timing of 
re-treatment remains an attractive idea. However, 
in the Fracture Intervention Trial Long- Term 
Extension (FLEX), 1-year changes in bone ALP 
and urine NTX after treatment discontinuation did 
not predict fracture rates [99]. Additionally, in the 

3-year HORIZON extension, PINP at the entry of 
the extension did not predict fracture in those who 
are receiving 3 years of zoledronic acid followed 
by 3 years of placebo [88].

In summary, the use of BTMs to predict frac-
ture risk and to monitor treatment efficacy remains 
helpful in the research area only. Potential clinical 
applications may be the use of BTMs to support 
approval of new antiresorptive regimens for frac-
ture prediction and the use of BTMs to determine 
optimal re-treatment strategies.

 Use of BTMs in Renal Disease

Osteoporosis and/or renal osteodystrophy are 
common problems for patients with chronic kid-
ney disease. Differentiating between adynamic 
bone disease, osteomalacia, and hyperparathy-
roid renal bone disease is important to make 
appropriate treatment decisions. Although 
biopsy-based bone histomorphometry remains 
the gold standard for diagnosing renal osteodys-
trophy and chronic kidney disease-mineral bone 
disorder (CKD-MBD), this is not commonly per-
formed because it is labor- and skill-intensive, in 
addition to having a slow turnaround. As dis-
cussed above, TRAP and BSAP are not renally 
cleared, and therefore may have utility in the set-
ting of CKD. In a large sample size of subjects 
with bone histomorphometry, extreme high and 
low values of PTH correlated with bone forma-
tion rate. The use of BSAP in conjunction with 
PTH was suggested to be helpful as low levels of 
BSAP are associated with adynamic bone disease 
[100]. Therefore, while bone histomorphometry 
remains the gold standard for diagnosing ady-
namic bone disease in the setting of chronic kid-
ney disease, extreme values of BSAP may 
provide a useful proxy measure [100].

 Role of BTMs in Oncology

Many solid tumors, such as breast and prostate 
carcinoma, metastasize to bone, and primary skel-
etal involvement is nearly synonymous in a num-
ber of hematopoietic malignancies, particular 
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multiple myeloma. Metastatic bone involvement 
is characterized by alterations in bone remodel-
ing, which ultimately increases the risk of local 
pathologic fractures. Indeed, preclinical data sug-
gests that these alterations in bone metabolism are 
mechanistically critical for sustaining bone 
metastases. In addition to local changes in bone 
metabolism, many tumors also produce systemic 
effects leading to bone loss even at uninvolved 
sites. Measurement of BTMs can provide prog-
nostic information, although the added value of 
BTMs beyond a radiographic assessment of skel-
etal metastases remains to be determined. In 
patients with castration-resistant prostate cancer, 
lung cancer, or other solid tumors, elevated levels 
of NTX predicted negative outcomes, including 
skeletal-related events, disease progression, and 
death [101]. This topic has been considered in 
depth in recent reviews [102].

Bone metastasis produces a local increase in 
bone turnover; thus BTMs have been studied to 
identify subclinical bone metastases. A major 
challenge to this approach comes from the many 
pre-analytic sources of variability in BTM levels 
(reviewed above) combined with the potentially 
confounding effect of active chemotherapeutic 
and endocrine therapies on bone turnover. For 
instance, in a cohort of patients with a mixed 
group of solid tumors, screening BTMs showed 
significant elevation of NTX and DPD in patients 
with skeletal metastases [103]. However, the sen-
sitivity of even the best-performing BTM in this 
study, NTX, was below the limit of practical clini-
cal utility (below 50%). In another study compar-
ing BTM levels with radionuclide bone 
scintigraphy, several BTMs were elevated in 
patients with lung carcinoma metastasis to bone, 
but each of these markers displayed low sensitiv-
ity [104]. Thus, the low sensitivity of elevated 
BTM levels for detecting skeletal metastases, in 
part due to the high pre-analytic variability of 
BTMs, precludes the use of BTMs as a standalone 
screening test for this indication. However, 
approaches to account for this variability, such as 
analyzing the serial change in BTM levels over 
time, are currently under exploration. For instance, 
prospective changes in the CTX/BSAP ratio in 
individual patients may predict the appearance of 
osteolytic lesions in multiple myeloma [105].

BTMs have also been considered as prognos-
tic markers in patients with known skeletal 
metastases. In patients with bone metastases 
from solid tumors, elevations in BSAP or NTX 
predicted increased risk of skeletal-related 
events, such as fracture, disease progression, or 
death [101]. However, the relative risk associated 
with elevated BTM levels was only moderate 
(ranging from 1.5 to 3.5 for any skeletal-related 
event), suggesting that BTMs should be consid-
ered part of a comprehensive risk model that 
includes other prognostic factors. Similar find-
ings were obtained in a cohort of patients with 
non-small cell lung cancer [106]. Normalization 
of NTX levels after treatment was correlated with 
prolonged event-free and overall survival in mul-
tiple solid tumors, suggesting that BTMs may 
have utility in monitoring therapy in this setting 
[106, 107].

In a subset of primary bone neoplasms, BTMs 
may themselves function as tumor markers directly 
secreted by tumor cells. Osteoid osteoma has been 
proposed to secrete OC [108]. BSAP can similarly 
be secreted from osteosarcomas [109]. Due to the 
lower baseline variability and reference range sta-
bility of BSAP levels in adults as compared with 
adolescents, BSAP has been proposed to have 
greater diagnostic utility for the detection of osteo-
sarcoma in adult versus adolescent onset osteosar-
coma. Taken together, while it is clear that BTMs 
may be elevated in malignancies that metastasize 
to bone, the utility of routine measurements in 
clinical practice appears limited. Future studies are 
needed to define the relative roles of BTMs versus 
standard radiographic approaches for following 
skeletal metastatic burden.

 BTMs in Rheumatologic Disorders
Bone resorption markers are often increased in 
rheumatologic disorders (such as rheumatoid 
arthritis) for three distinct reasons. First, active 
bone erosion in RA near the affected joints can 
lead to systemic increases in resorption markers. 
Second, glucocorticoid therapy increases bone 
resorption and reduces bone formation. Finally, 
the inflammatory milieu of the disorder com-
monly causes systemic bone loss due to enhanced 
bone resorption and reduced bone formation. 
This last factor is not specific to rheumatoid 
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arthritis, and is seen across a wide range of 
chronic inflammatory, autoimmune, or infectious 
conditions [110].

Accordingly, the presence of rheumatoid 
arthritis is associated with high resorption and 
low bone formation markers [111]. Resorptive 
markers, especially CTX and PYD are associated 
with disease activity, correlating with the risk of 
radiologic progression of bone erosion [112, 
113]. Furthermore, a therapy with disease- 
modifying biologics, such as anti-TNF antibod-
ies, promotes a relative normalization of the 
BTM levels [114]. However, a normalization of 
bone turnover markers may not necessarily reflect 
an underlying clinical response to therapy in 
terms of the primary autoimmune disease process 
[114]. BSAP levels have also been observed to 
correlate with osteophyte formation [115].

Additionally, other rheumatologic disorders 
display high levels of resorptive BTMs. 
Polymyalgia rheumatica has been associated 
with increases in the levels of resorptive markers 
[116]. Both DPD and CTX levels are often ele-
vated in psoriatic arthritis, ankylosing spondyli-
tis, and reactive arthritis, and the degree of 
elevation correlates with the inflammatory mark-
ers of disease activity such as ESR and CRP 
[117]. As is the case with BTMs in cancer, the 
role of following these levels in standard clinical 
care in rheumatologic diseases such as RA, PMR, 
psoriatic arthritis, and ankylosing spondylitis 
remains to be determined.

 BTMs in Other Conditions
Paget’s disease of bone is another common meta-
bolic bone disorder. Patients with Paget’s show a 
signature of markedly high bone turnover, lead-
ing to expansion of affected bones. In affected 
patients, this can result in symptoms, most com-
monly due to osteoarthritis, nerve entrapment or 
fracture secondary to either expansion or fragility 
of the involved bones. Both Paget’s and a series 
of Paget’s-like skeletal disorders including 
expansile skeletal hyperphosphatasia, familial 
expansile osteolysis, juvenile Paget’s disease, 
and fibrous dysplasia are characterized by a sub-
stantial increase in the levels of essentially all the 
BTMs [118]. Furthermore, BTM levels, particu-
larly P1NP levels, correlate with measures of dis-

ease activity and respond to antiresorptive 
therapy, suggesting that BTMs may have a role in 
both diagnosis and disease monitoring in Paget’s 
disease of bone [119]. An important open ques-
tion in this clinical setting is the added value of 
tracking P1NP levels for patients with Paget’s 
versus total alkaline phosphatase, which remains 
the clinical standard of care.
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Biomechanics of Bone

Jacqueline H. Cole and  
Marjolein C. H. van der Meulen

 Bone Strength and Fracture

The skeletal system has important metabolic, 
physiologic, and mechanical functions, including 
storing minerals, protecting vital organs, and 
bearing functional loads. Individuals constantly 
impose dynamic mechanical stimuli on their 
bones during daily activities. A healthy skeleton 
generally has sufficient bone strength to support 
these loads without fracture, but trauma, aging, 
and disease can compromise its structural func-
tion. With trauma, loading may exceed the load- 
bearing capacity of the skeleton, either healthy or 
otherwise, and produce fracture. Aging and many 
skeletal diseases reduce bone strength, thereby 
producing skeletal failure even under normal or 
non-traumatic loading conditions. Fractures result 
not only in individual morbidity and mortality but 
also in high healthcare and societal costs [1–3]. 
Therefore, an understanding of the factors that 
contribute to bone strength is critical for the pre-
vention and treatment of skeletal fractures.

Failure of any load-bearing structure can stem 
from a single traumatic overload or from the accu-
mulation of damage with repetitive loading. Here 
we will focus on the former: what determines 
whether a given load applied to a bone will result 
in fracture? The interaction between applied load-
ing and the ability of a bone to bear the applied 
loads can be summarized in a term called factor of 
risk [4]. The factor of risk is the ratio between the 
load applied to a bone and the load required to 
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Key Points
• The ability of the skeleton to bear loads 

without fracture depends on both the 
applied loading conditions and the 
structural properties of bone.

• Many factors can alter the structural 
properties of bone, including aging, 
trauma, and disease, as well an individ-
ual’s loading history and mechanobio-
logical response.

• Combined imaging-modeling 
approaches that include contributions of 
bone mass, architecture, and material 
properties can help elucidate mecha-
nisms of skeletal fragility.

• More realistic material mapping and 
mimicking of in vivo loading conditions 
are needed to calculate bone strength 
more accurately and predict fracture 
risk reliably for individuals.
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fracture that bone, or failure load. If the applied 
load exceeds the failure load for any given bone, 
then the factor of risk is greater than one, and frac-
ture will occur. To predict fracture accurately for a 
particular skeletal site, characteristics of both the 
applied and failure loads must be considered. The 
load applied to the bone is influenced by the type 
of activity or trauma, the impact location and 
direction, and any protection imparted by overly-
ing soft tissues. The failure load for that bone is 
determined by the quantity, distribution, and 
structural arrangement, and characteristics of the 
constituent components of the bone tissue [5]. 
The ability of the skeleton to resist fracture under 
applied loading varies with aging and disease, pri-
marily through changes in these components of 
failure load. Our focus here will be on the deter-
minants of whole bone strength and factors that 
affect whole bone behavior when loaded.

The mechanical function of bone is strongly 
shaped by the in vivo loading experienced by the 
skeleton. Bone tissue is exquisitely mechanosensi-
tive, and bone cells respond to mechanical stimuli by 
altering turnover to increase or decrease the amount 
of tissue present, which in turn alters the tissue archi-
tecture and material properties [6, 7]. Therefore, the 
loading history experienced throughout an individu-
al’s lifetime contributes to these bone properties and 
greatly impacts skeletal structure and the failure load 
of bone [8]. This process of mechanoregulation, 
whereby physical forces influence cell behavior and 
bone (re)modeling, is an active field of research 
called mechanobiology. This concept of functional 
adaptation in response to mechanical stimuli has 
been around since the late 1800s, pioneered by the 
work of Roux [9] and Wolff [10]. It has been studied 
extensively in many in vivo, in vitro, and in silico 
models, and more recent studies have combined 
these mechanobiology models with new “omics” 
technologies (e.g., genomics, proteomics) to probe 
the effects at the molecular level in an emerging area 
of mechanomics (reviewed by [11]).

 Factors Contributing to Whole Bone 
Strength

Measurements of whole bone strength and other 
structural properties are different for different 

types of loading. In vivo the skeleton withstands 
a complex array of different types of applied 
loads during the course of its various activities, 
such as walking, stair climbing, and lifting 
objects [12, 13]. To characterize the mechanical 
behavior of a whole bone, more simple loading 
modes – axial (tension or compression), bending, 
or torsion (twisting)  – are often applied during 
mechanical testing in the laboratory. Because 
bone is metabolically active and capable of 
dynamic adaptation in response to loading, its 
properties will vary over time, a factor that must 
be considered when comparing bone properties 
or making fracture predictions.

True structural properties of bone can only be 
measured with ex vivo mechanical testing, so our 
understanding about bone properties comes pri-
marily from studies using whole cadaver or ani-
mal bones or bone biopsies. When a force is 
applied to a whole bone, the structure experi-
ences measurable displacement, or deformation 
(Fig.  10.1a). When the load is examined as a 
function of the displacement, the resulting curve 
has several distinct characteristics: an initial lin-
ear or elastic region, a nonlinear region with a 
maximum defined as the ultimate point, and a 
failure point at which the bone fractures and can 
no longer withstand the applied load. Applied 
loads that fall within the initial linear range can 
be resisted without permanently deforming the 
bone or causing failure.

The two most critical measures obtained from 
load-displacement data are structural stiffness and 
strength. The stiffness of a whole bone is the resis-
tance to deformation for a given applied load and 
is the slope of the linear portion of the load- 
displacement curve. For a whole bone, the struc-
tural strength is the maximum or ultimate load that 
the bone can withstand. Whole bone stiffness and 
strength will have different values for different 
loading modes, such as compression, bending, and 
torsion, and these values depend on the intrinsic 
properties of the bone tissue, how much tissue is 
present, and the geometric arrangement of the tis-
sue. For example, the failure strength of a vertebral 
body will be different when loaded in compression 
than in bending. Stiffness and strength are distinct 
parameters but are often correlated. Other param-
eters of interest include the yield point (the transi-
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tion between the linear and nonlinear regions), 
post-yield displacement (the amount of deforma-
tion between the yield and failure points), and 
energy-to-fracture or work- to- fracture (the area 
under the entire load- displacement curve), which 
represents the amount of energy the bone dissi-
pates up until failure or, equivalently, the amount 
of work the applied load performs to deform and 
break the bone.

Structural properties, such as whole bone stiff-
ness and strength, are extrinsic properties that 
vary with the size and shape of the bone being 
tested. The forces and deformations of the whole 

bone also create internal forces and deformations 
within the bone tissue that are known as stresses 
and strains. Material characteristics, such as 
stresses and strains, are intrinsic properties that 
are independent of bone size and shape. These 
material properties can be measured on small, 
homogeneous tissue samples, such as a machined 
microbeam. Similar to a whole bone test, a bone 
materials test examines deformation in response 
to an applied load, and the resulting stress-strain 
curve can be examined for properties analogous 
to the ones for a whole bone test (Fig. 10.1b), such 
as modulus of elasticity (tissue stiffness), ultimate 

a

b

Displacement (δ)

L
o

ad
 (

F
)

yield load 

stiffness

ultimate load

X
failure

0.2%

energy-to-fracture
(shaded area)

yi
el

d 
di

sp
la

ce
m

en
t

fa
ilu

re
 d

is
pl

ac
em

en
t

postyield displacement

Strain (ε = δ/Lo)

S
tr

es
s 

(σ
 =

 F
/A

o
)

yield stress 

modulus of elasticity

ultimate stress

X
failure

0.2%

toughness
(shaded area)

yi
el

d 
st

ra
in

fa
ilu

re
 s

tr
ai

n

postyield strain

F

F

Ao Lo

F

F

Fig. 10.1 (a) Load- 
displacement behavior 
for a structural test such 
as a whole bone. The 
structural stiffness is 
determined from the 
initial linear region. 
Yield is the transition 
point from linear to 
nonlinear behavior. 
Structural strength is the 
load required to fail the 
whole bone. Energy-to- 
fracture is the area under 
the entire curve 
(shaded). (b) Stress- 
strain behavior for a 
tissue materials test. 
These measurements are 
independent of specimen 
size and shape. The 
modulus of elasticity, or 
tissue stiffness, is 
determined from the 
initial linear region; 
tissue strength is the 
maximum or ultimate 
stress; and toughness is 
the shaded area. Both 
structural and material 
parameters depend on 
loading mode (tension, 
compression, bending, 
or torsion)
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stress (tissue strength), post-yield strain, and 
toughness (energy dissipated per unit of tissue up 
until failure). Similar to structural properties, 
material properties depend on the direction or 
mode of loading. More details about bone mate-
rial properties will be discussed in a later section.

Whole bone behavior depends on the behavior 
of the constituent tissues, cortical and cancellous 
bone. During whole bone bending, for example, 
the behavior is dominated by cortical bone geom-
etry and material properties in the diaphysis. 
Cortical and cancellous bone are both complex 
structures, and their behavior depends on similar 
factors as those for whole bone strength, as dis-
cussed below. The continuum properties of these 
bulk tissues are referred to as apparent proper-
ties, which is at a length scale below the whole 
bone properties but above the tissue material 
properties. These properties can be determined 
using mechanical tests on specimens in this 
range, such as a cancellous bone core from a ver-
tebra. The porous structure of cancellous bone 
and its location in vertebral bodies and in the 
ends of long bones are important for distributing 
joint contact forces during daily activities, but 
they also make the tissue more susceptible to the 
surface-focused resorption that occurs with aging 
and skeletal disease. The structural behavior of 
cortical and cancellous bone is governed chiefly 
by the quantity of bone tissue present (bone mass 
or density), the size and spatial arrangement of 
that tissue (cortical geometry and cancellous 
architecture), and the intrinsic tissue material 
properties [14–18]. Alterations in any of these 
components could compromise the integrity of 
the overall bone structure and its ability to bear 
loads. Although most in vivo imaging tools mea-
sure bone mass or apparent bone mineral density 
(apparent BMD), these measures alone do not 
fully explain variations in mechanical properties 
observed experimentally. In the following sec-
tions, the contribution of bone mass, architecture, 
and material properties to the structural behavior 
of cancellous bone will be described, as well as 
the clinical and laboratory tools used to charac-
terize them. The role of bone quantity (bone mass 
or density) has been studied most extensively, 
although the effects of architecture and tissue 

material properties have been examined more in 
recent years through technological advancements 
in imaging and image-based computer models.

 Bone Quantity

The most-studied determinant of bone structural 
behavior is the overall quantity of bone at a given 
skeletal site. Bone mass and bone mineral density 
(BMD) are most commonly assessed in  vivo 
using dual-energy X-ray absorptiometry (DXA, 
see Chap. 7), which evaluates the inorganic min-
eral phase of bone with minimal radiation expo-
sure to patients. DXA scans can be performed for 
large regions, such as the lumbar spine, proximal 
femur, forearm, or even the whole body, thereby 
providing a noninvasive global measure of bone 
mass. However, DXA-based BMD alone cannot 
account for differences in mineral distribution 
and bone structure and only partially discrimi-
nates individuals who will fracture from those 
who will not [19, 20]. This is not surprising: 
DXA scans are two-dimensional and provide 
projected areal measurements of BMD (aBMD), 
which integrate geometric and material contribu-
tions into BMD values and create a size bias that 
overestimates the volumetric mineral density for 
larger individuals [21]. Because the resolution of 
DXA is relatively low (on the order of 1  mm), 
cortical bone tissue cannot be distinguished from 
cancellous tissue, architectural features of can-
cellous bone (on the order of 0.1 mm) cannot be 
captured, and the mineral distribution within the 
bone tissue cannot be measured. Because unmin-
eralized tissues do not inherently attenuate 
X-rays, DXA scans cannot evaluate the organic 
phase of bone or the soft tissues surrounding 
bone. DXA aBMD correlates well with in vitro 
vertebral failure load in compression [22].

Quantitative computed tomography (QCT) is 
a true three-dimensional method based on X-ray 
imaging that overcomes many of the limitations 
of DXA, though with a slightly higher radiation 
exposure for the patient. The resolution of this 
technique is typically better in the scan plane 
(˜0.5 mm) than axially between slices (˜1 mm). 
QCT provides volumetric measures of BMD 
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(vBMD) and can distinguish between cortical 
and cancellous bone, but it cannot accurately 
capture cancellous architecture or mineral distri-
bution. Due to recent advancements in clinical 
imaging technology, high-resolution peripheral 
QCT (HR-pQCT) can resolve bone features 
much more accurately than DXA or QCT [23], 
with isotropic voxel sizes of 82 μm (spatial reso-
lution of about 130–150 μm) [24] or 61 μm in 
second-generation scanners. HR-pQCT also 
measures volumetric BMD, but it can visualize 
trabecular bone much better than QCT, especially 
in newer scanners, enabling some quantification 
of trabecular architecture [25]. However, it can 
currently only examine peripheral sites, such as 
the distal forearm and tibia. Because the spatial 
resolution is similar to the thickness of a trabec-
ula, several of the architectural parameters can-
not be directly measured (trabecular thickness 
and separation) but are derived from bone vol-
ume fraction (BV/TV) and trabecular number, 
assuming a plate model [26, 27].

For cancellous bone, quantity is typically mea-
sured either by BV/TV, which is the volume of 
bone tissue present within the total volume of inter-
est, or by apparent BMD, which is the mass of bone 
tissue present within the total volume. Additionally, 
tissue mineral density, or TMD, which is the mass 
of bone tissue within only the volume containing 
bone, can be computed as the product of BV/TV 
and apparent BMD. Variations in bone mass can 
produce 100-fold differences in the cancellous 
bone stiffness within an individual’s tibial metaph-
ysis, ranging from 4 to 433 MPa [28].

In the laboratory, empirical formulations have 
been developed to predict bone tissue strength 
and apparent tissue stiffness from apparent BMD 
[14, 29–33]. These relationships are often 
expressed in power law form, with the exponent 
(b) relating apparent BMD (ρ) to cancellous stiff-
ness or strength (S) and ranging from 1 to 3:

 ρ = aSb
 

The coefficient a is a constant that scales the ρ–S 
relationship and is based on experimental data in 
bone specimens from various anatomic sites. As 
a result, for a relationship with an exponent 
greater than 1, a decrease in apparent BMD (or 

BV/TV) will result in a substantially greater 
decrease in stiffness and strength. For example, a 
21% reduction in bone mass would predict a 
38% reduction in cancellous stiffness and 
strength for a squared relationship and a 51% 
reduction for a cubic relationship (Fig.  10.2). 
Regardless of the relationship used, apparent 
BMD and BV/TV obtained experimentally or 
from micro-computed tomography (micro-CT) 
can explain 60–85% of the variability in com-
pressive apparent stiffness and strength for 
human cancellous bone [34–38]. Although bone 
mass measurements generally have a high 
explanatory power for bone mechanical proper-
ties, these surrogate measures only capture one 
aspect of bone strength and cannot capture dif-
ferences in how this mass is distributed. While 
mass is critical to bone integrity, additional fac-
tors are clearly needed to determine whether an 
individual will or will not fracture.

Several adjunct geometric parameters have 
been derived from DXA to try to improve frac-
ture risk assessments beyond aBMD, including 
hip geometry metrics (e.g., hip structural analy-
sis, hip axis length, neck-shaft angle) and a spine 
texture parameter. The only hip measure approved 
by the International Society for Clinical 
Densitometry (ISCD) for clinical hip fracture 
risk assessments is hip axis length (HAL), the 
distance through the femoral neck from the base 
of the greater trochanter to the inner pelvic rim 
[39, 40]. HAL is associated with hip fracture risk 
in women [39, 41, 42] and perhaps also in men 
[43], independent of aBMD and FRAX®, which 
is a 10-year fracture probability assessment using 
clinical risk factors [44].

Trabecular bone score (TBS), a gray scale 
textural analysis of DXA lumbar spine scans, 
was more recently developed to provide some 
information about bone microstructure [45]. 
Since its approval by the Food and Drug 
Administration in 2012, TBS has been shown in 
several studies to predict fractures in both 
women and men independent of lumbar spine 
aBMD [46–52]. A meta-analysis of 14 interna-
tional cohorts showed that TBS predicts major 
osteoporotic fracture in both women and men, 
with an overall 32% increased fracture risk per 
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standard deviation decrease in TBS after adjust-
ing for age and FRAX® probability [53]. 
Therefore, TBS seems to be a promising tool to 
aid in fracture risk prediction, but is only weakly 
correlated with aBMD at the lumbar spine 
(r  =  0.33) or  femoral neck (r  =  0.27) [40]. 
Furthermore, in ex  vivo testing of 16 human 
cadaver lumbar vertebrae, while TBS was sig-
nificantly correlated with compressive stiffness 
independent of DXA aBMD, it did not signifi-
cantly improve prediction of vertebral bone 
strength over aBMD alone [54]. While not a 
direct measure of bone architecture, TBS does 
correlate moderately with some trabecular mea-
sures based on comparisons with micro-CT in 
ex  vivo studies and with HR-pQCT in in  vivo 
studies, which may explain its ability to aid 
fracture prediction.

 Bone Geometry and Architecture

For cortical bone, geometric parameters – such as 
the periosteal diameter, cross-sectional area, 
cross-sectional moment of inertia, and a geomet-
ric indicator of failure strength called the section 
modulus – all influence the whole bone structural 
behavior [55]. For bones loaded in bending, the 
cross-sectional moment of inertia (I) is a geomet-
ric measure of the distribution of bone about a 
central or neutral plane indicative of the bone’s 
resistance to bending deflection, computed as fol-
lows for a hollow circular cross section [56]:

 
I R Rp e= −( )π

4
4 4

 

Rp is the periosteal radius, and Re is the endos-
teal radius, computed about the neutral plane. 

Normal
74-year-old female
T-score = –0.8
BV/TV = 12.7%
Tb.Th= 117 µm
Modulus, E = 844 MPa
Strength, σu = 3.5 MPa

Osteoporotic
92-year-old female
T-score = –2.6
BV/TV = 10.0% (–21% vs. Normal)
Tb.Th= 90 µm
Modulus, E = 470 MPa (–44%)
Strength, σu = 2.1 MPa (–40%)

Fig. 10.2 Micro-CT images of two cancellous cores taken 
from the center of the L2 vertebra of two different females. 
Measured T-score, bone volume fraction (BV/TV), trabecu-
lar thickness (Tb.Th), and apparent modulus and strength 
are indicated, as well as percent differences for the osteopo-

rotic female relative to the normal female. For this 21% 
bone loss, a squared power law relationship would predict a 
38% reduction in modulus and strength, and a cubic power 
law would predict a 51% reduction, both of which are com-
parable to the 40–44% reductions found experimentally
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For bones loaded in torsion, the polar moment of 
inertia (J) is the distribution about the longitudi-
nal or neutral axis and represents the bone’s resis-
tance to angular deflection or twist,  computed as 
follows for a hollow circular cross section [56]:

 
J R R Ip e= −( ) =π

2
24 4

 

The section modulus (Z) represents a whole 
bone’s resistance to bending or torsional loads 
and is computed as follows for a hollow circular 
cross section:

 

Z J
R R

R R Z
p p

p eTorsion Bending= = −( ) =π
2

24 4

 

For a long bone loaded in bending, as seen in 
the proximal femur, both the size and geometric 
distribution of cortical bone relative to the load-
ing axis contribute to the whole bone’s resistance 
to applied loads and thus to fracture. To illustrate 
this concept, we will compare the properties of 
three “bones” that have a circular cross section, 
one solid and two hollow with cortical thickness 
equal to 20% of the periosteal diameter 
(Fig.  10.3). Comparing the solid “bone” to the 
first hollow one, which is comparable in size with 
the same periosteal diameter, the hollow one has 
a 25% smaller cortical area but only a 6% lower 
section modulus, which is proportional to the 
bending failure strength. If we compare the same 
solid “bone” to another hollow “bone” that has 
the same cortical area as the solid “bone” yet 
maintains the same cortical thickness as the first 
hollow “bone,” then the new hollow one will have 
a 25% larger periosteal diameter, resulting in a 
70% larger section modulus (and thus bending 
strength). Therefore, even small changes in over-
all bone size can compensate for losses in bone 
strength when the remaining bone is redistributed 
farther from the neutral plane or axis. Periosteal 
expansion is a common compensatory adaptation 
in aging bone that increases bending strength to 
help offset other losses.

Similarly for cancellous bone, the size and 
spatial arrangement of trabeculae that make up 
the cancellous architecture also play a key role in 
the structural competence of bone. As early as the 

mid-nineteenth century, increased fracture inci-
dence was observed in older patients with thin-
ning bone [57]. Two different sites of cancellous 
bone with similar apparent BMD can vary sub-
stantially in their stiffness and strength due to dif-
ferences in tissue architecture [58, 59]. In 
addition, the architecture of cancellous bone 
often has a preferred orientation, creating sub-
stantially different modulus and strength values 
when bone from a given anatomic site is loaded 
in different directions, a characteristic called 
material anisotropy. In human vertebrae, for 
example, the primary trabecular orientation is 
superior–inferior, corresponding to the strongest 
direction when loaded [60]. Cancellous bone is 
nearly twice as strong when loaded along the 
superior–inferior direction of the spine than when 
loaded in the anterior–posterior or medial–lateral 
directions [58]. Therefore, characterizing the 
cancellous bone structure is important for under-
standing the relationship between architecture 
and mechanical properties.

Cancellous bone architecture cannot be 
directly measured with DXA, although as men-
tioned previously, TBS from DXA moderately 
correlates with some architectural parameters, in 
particular connectivity density, trabecular num-
ber, and trabecular separation [45, 54, 61–65]. 
Although QCT cannot accurately measure can-
cellous architecture, geometry-based metrics 
from QCT have been successful at predicting hip 
fracture [66–75] and spine fracture [71, 76, 77] in 
men and women, although most studies show 
limited or no improvement over DXA 
aBMD. HR-pQCT can measure both cortical and 
cancellous bone architecture with high reproduc-
ibility, with coefficients of variation (CV) 
reported at <5% for cortical thickness, BV/TV, 
and trabecular number, thickness, and separation  
[27, 78, 79]. Cortical porosity was less reproduc-
ible, with CV of 12–14% at the distal radius and 
4–8% at the distal tibia, although the least signifi-
cant change was <1% and deemed small enough 
to detect group differences and longitudinal 
changes [78]. HR-pQCT measures generally 
have good agreement with micro-CT measures in 
cadaver bone (r2 = 0.59–0.98) [80], with stron-
ger correlations for parameters of trabecular 
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plates compared with trabecular rods [81]. 
Almost all of the studies assessing fracture pre-
diction with HR-pQCT have been retrospective 
 cross- sectional studies. Overall, HR-pQCT mea-
sures (vBMD + architecture) can better distin-
guish between subjects with and without fractures 
than DXA (aBMD only), particularly at the fore-
arm (reviewed by [80]). The one prospective 
study to date assessed fracture prediction in 
French postmenopausal women from the OFELY 
cohort and showed that vBMD and architecture 
(especially trabecular number and connectivity 
density) at both the radius and tibia predicted the 
risk of all types of fractures [82].

Computational anatomy approaches provide 
information about the spatial distribution of mass 
and geometric features within QCT scans [83]. 
Anatomical structures are modeled as curves, 
surfaces, or volumes and, using statistical para-

metric mapping (SPM) [84], these features are 
examined across multiple subjects to determine 
changes associated with disease progression or 
treatment [85–90]. Various techniques fall into 
this category, including voxel-based morphome-
try (VBM) for mapping volumetric BMD [69] 
and tensor-based morphometry (TBM) for map-
ping volume (shape and size) changes via 
contraction- expansion maps [70]. Additional 
techniques combine both density and shape map-
ping, such as statistical shape and density model-
ing (SSDM) [68, 91], and cortical bone mapping 
(CBM), which includes volumetric distributions 
of cortical BMD, endocortical trabecular BMD, 
and cortical thickness [74, 92]. Of these tech-
niques, only CBM and SSDM have been com-
pared with DXA, showing only a modest 
improvement in fracture prediction compared to 
DXA aBMD.

Fig. 10.3 Variations in the size and distribution of bone mass 
in a cortical bone cross section influence the section modu-
lus, which is proportional to the bending failure strength of 
the whole bone. The resorption of bone on the endosteal sur-
face or the apposition of bone on the periosteal surface may 
change the cortical thickness (t) or the distribution of bone 

about the loading axis, thereby altering the ability of the bone 
to resist fracture. For example, compared to the reference 
bone (left), a bone of the same girth but with less material 
(middle) will be slightly weaker, but a bone with the same 
amount of material distributed farther away from the neutral 
axis of the bone (right) will be much stronger
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Similar to bone mass measures, trabecular 
microarchitectural parameters have also been 
experimentally correlated with elastic mechani-
cal properties using cadaver bone [93–98]. 
Independent of apparent BMD, bone regions 
with different architectures exhibited variable 
elastic mechanical properties that differed by 
over 50% [59]. Based on studies using two- 
dimensional serial sectioning techniques, trabec-
ular orientation and connectivity correlated with 
cancellous bone strength [18, 95, 99]. In sheep 
femoral bone assessed with micro-CT, architec-
ture indices explained 10–70% of the variation in 
compressive strength [100]. A study using static 
histomorphometry indicated that similar archi-
tecture–strength correlations also hold true in 
human vertebral bone [101].

 Bone Tissue Material Properties

The intrinsic material properties of bone tissue 
are important contributors to bone strength and 
are independent of the quantity or geometric 
arrangement of the constituent material. Cortical 
and cancellous tissues are believed to be similar 
at the material level, both forming lamellar-based 
structures via surface-based processes, and 
apparent-level differences between the two are 
thought to result from contributions of mass and 
architecture. In bone material tests, the small, 
homogeneous tissue samples can be loaded per-
pendicular to the face of the material to deter-
mine the tensile and compressive properties or 
parallel to the face to measure the shear proper-
ties. From these tests, bone material properties 
are computed by normalizing the resulting load-
displacement parameters by geometric measures 
representing the sample size and shape. For 
example, applied load is converted to tissue 
stress, and displacement is converted to tissue 
strain, as described below.

Tissue stress is defined as the ratio of the 
applied load (tension, compression, or shear) to 
the sample cross-sectional area (Fig. 10.4). For a 
tissue sample tested in tension or compression, 
the tissue stress is defined as the applied load 
divided by the cross-sectional area perpendicular 

to that load (i.e., the area of the sample face on 
which the load acts). For a tissue sample tested in 
shear, the applied load is parallel to the surface 
and again is normalized by the area the force acts 
across. Bone tissue strain is measured as the 
amount of deformation in the direction of loading 
normalized by the initial sample dimension. 
Tensile or compressive loads produce stretched 
or compacted deformations, respectively, along 
the direction of the applied load. The resulting 
strain is computed as the ratio of the change in 
length to initial length. Shear loads create distor-
tions in the sample by inducing the sample sur-
faces on which the loads are applied to slide with 
respect to each other. For shear strain, the distor-
tion ratio is related to the change in angle, which, 
for small angles, is approximated by the ratio of 
the horizontal sliding deformation to the initial 
length of that side (Fig. 10.4).

The material tests described thus far are for 
characterizing material behavior in response to a 
single load applied to failure. In vivo, however, 
bones continually experience cyclic loading dur-
ing normal activities, and bone failure from such 
loading is more common than with a single over-
loading event [102]. The failure of a material 
under cyclic loads below the ultimate load is 
known as fatigue. In bone, fatigue loading pro-
duces microscale damage in the tissue, known as 
microdamage. Microdamage alters bone tissue 
properties and thus may inhibit the ability of the 
whole bone to withstand loads and avoid 
fracture.

Bone is a composite tissue comprised of an 
organic matrix made mostly of type I collagen 
that is reinforced by inorganic mineral crystals. 
The characteristics of these organic and inorganic 
constituents, as well as their interaction with each 
other, determine the tissue material properties of 
bone, properties that at least partially define the 
popular term bone quality. Little is known about 
the individual and collective contributions of the 
collagen matrix and mineral constituents to bone 
quality and bone strength. Indeed, the strength of 
the composite bone tissue is greater than that of 
other materials composed primarily of only one of 
the constituents, such as collagen-rich tendon or 
mineral samples of calcium phosphate [103]. 
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Studies of radiation in human bone and allograft 
specimens revealed that collagen damage com-
promises the toughness but not the stiffness of 
bone tissue [104, 105]. In rat bone, when the 
enzymatic crosslinking in collagen was disrupted 
through a lysyl oxidase inhibitor, bone strength 
was reduced without impacting mineralization 
[106]. Conditions with collagen defects, such as 
osteogenesis imperfecta, are associated with 
altered mineralization and bone fragility, as dis-
cussed in more detail below. In addition, numer-
ous studies have shown a clear relationship 
between bone mineral content and material stiff-
ness or strength [107–110]. These results suggest 
that the collagen and mineral phases of bone tis-
sue contribute differently to its material behavior.

Characterizing the molecular structure of 
bone tissue is important for examining the rela-
tive contributions of the matrix and mineral con-

stituents to the overall material behavior. 
Important compositional measures of bone 
matrix include collagen content, maturity, and 
orientation, as well as the molecular structure of 
various matrix proteins that aid in mineral crystal 
formation, binding, and maturation (e.g., osteo-
pontin, osteocalcin, and bone sialoprotein). 
Important measures for bone mineral include the 
apatitic crystal size, orientation, and structure, as 
well as the degree of ion substitution, particularly 
the substitution of carbonate in the phosphate 
binding site, within the lattice or on the surface of 
the mineral crystals. These structural and compo-
sitional measures can be quantified using classic 
techniques such as gravimetry or more sophisti-
cated techniques such as X-ray diffraction, 
 backscattered electron imaging, and infrared 
(IR), Raman, and nuclear magnetic resonance 
(NMR) spectroscopies.

Perpendicular component
of force, Fperp:

Normal stress = Fperp / L2 Shear stress = Fparl / L2

Parallel component
of force, Fparl:

Fperp
Fparl

Stress:

L

L

∆L

∆L

L–∆L

Normal strain = ∆L / L Shear strain ~ ∆L / L

L

L

Strain:

Fig. 10.4 Material stresses (local tissue forces) and 
strains (local tissue deformations) for bone tissue sam-
ples loaded in compression and shear. The applied 
loading is decomposed into components perpendicular 

(compression) and parallel (shear) to the cube face. The 
face for which the stress or strain is calculated is 
shaded. For strain, the original, undeformed volume is 
shaded
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Healthy bone tissue properties show substantial 
variation both spatially [111–113] and temporally 
[114, 115] even for a given site and species. 
Materials testing techniques used to examine tissue 
properties include microbeam testing and nanoin-
dentation. Using microbeam testing, the trabecular 
tissue modulus ranged from 3.8 to 20.7 GPa and 
varied depending on the loading mode [31, 116, 
117]. The mean tissue modulus assessed by nanoin-
dentation ranged from 7 to 26 GPa, depending on 
location within the tissue and type of lamellar tis-
sue sampled; individual measurements varied by 
17–62% [118–121]. This variation in modulus was 
true across individuals and for multiple anatomic 
sites. Even within a single trabecula, the indenta-
tion modulus ranged from 8 to 16 GPa [119]. As 
clearly evidenced by these studies, the variability in 
measurements of bone tissue properties can be 
quite large and depends on the technique used. 
Therefore, the effect of bone tissue composition 
and distribution on mechanical properties needs 
further exploration, particularly for cancellous 
bone. To date, almost all of the techniques used to 
measure bone material properties directly have 
been performed in  vitro and require an invasive 
bone biopsy. Recent studies have explored the use 
of an in vivo Raman spectroscopic probe that can 
noninvasively measure bone matrix and mineral 
composition, although these devices are still in the 
developmental stages and have not yet been fully 
validated [122–124].

 Other Influences on Bone 
Biomechanics

Many other factors influence the structural behav-
ior of whole bones and the apparent behavior of 
cortical and cancellous tissue, including age, sex, 
and disease. These influences alter bone quantity, 
geometry/architecture, and tissue properties, all 
of which govern the mechanical performance of 
whole bones and bone tissue. For example, with 
aging, the compressive modulus of vertebral can-
cellous bone decreases 17% per decade [125]. 
Osteoporosis and aging are tightly coupled in 
women, and osteoporosis may in fact be the natu-
ral outcome of the aging process.

 Aging

The factors described above (i.e., bone quantity, 
geometry/architecture, and material properties) 
vary independently with age. Age-related degra-
dation of bone mass and architecture can seri-
ously compromise bone integrity. Bone mass 
decreases with age after peak bone mass has been 
attained in both men and women [126–131], but 
especially in women due to peri-menopausal 
bone loss. By age 80, aBMD at the common frac-
ture sites of the spine, hip, and forearm decreases 
by 13–18% in men [132] and 15–54% in women 
[133–136], thereby increasing the likelihood for 
developing osteoporosis [137–139]. As the life 
expectancy of the general population continues to 
increase, age-related declines will result in even 
lower bone mass, and the total incidence of skel-
etal fractures will rise, unless diagnosis and treat-
ment of skeletal deficiencies can be significantly 
improved [140, 141].

While our understanding of the relationship 
between tissue composition and material behav-
ior is limited, substantial progress has been made 
recently in characterizing tissue composition and 
variation with age. For example, osteons of corti-
cal bone and individual trabeculae of iliac crest 
biopsies demonstrate spatially varying mineral 
crystallinity and collagen crosslinking by Fourier 
transform infrared microscopy [142]. The most 
crystalline (mature) bone mineral is located at the 
center of trabeculae, and newly deposited min-
eral is less crystalline than older mineral. Changes 
in mineral-to-matrix ratio and mineral maturity 
are documented with age and disease [143–148]. 
Femoral heads from patients with hip fractures 
undergoing total hip arthroplasty demonstrated a 
significantly increased mineral-to-matrix ratio 
compared to femoral heads of patients without 
fractures, suggesting that compositional changes 
may precede failure [149]. Tissue heterogeneity 
is known to change with age [150], but studies 
looking at the relationship between composi-
tional heterogeneity and fracture risk are mixed. 
In femoral neck biopsies from female hip fracture 
cases, the compositional heterogeneity (mineral- 
to-matrix ratio, carbonate-to-phosphate ratio) was 
lower than in non-fractured controls [151]. 
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However, in iliac crest biopsies from BMD-
matched females, compositional heterogeneity 
(mineral-to-matrix ratio, carbonate-to- phosphate 
ratio, crystallinity, collagen maturity) was not 
significantly different between fracture and non-
fracture cases [152].

The critical question is how these composi-
tional changes relate to tissue and whole bone 
mechanical behavior. In rat bone, the mineral-to- 
matrix ratio, mineral crystallinity, and type-B car-
bonate substitution were all increased with aging, 
and these compositional changes were associated 
with reduced elastic deformation capacity (based 
on reduced resilience and bending modulus) [153]. 
Collagen content decreases with age and is 
associated with reduced post-yield energy 
dissipation [154]. Age-related accumulation of 
pentosidine, a marker of advanced glycation 
endproducts and increased collagen crosslinking, 
is associated with decreased bone toughness [155]. 
This accumulation has also been shown to increase 
matrix protein modifications [156], and advanced 
glycation end products can predict in vitro fracture 
properties in aged human bone [157]. Clinically, 
elevated pentosidine levels in urine have been 
associated with increased fracture incidence in 
postmenopausal women in the OFELY study 
[158].

 Sex Effects

Given the relatively higher incidence of fragility 
fractures in women, understanding the sex- related 
differences in bone quantity, geometry/architec-
ture, and material properties with aging is critical 
for improved diagnosis and treatment of osteopo-
rosis. For both sexes, volume fraction in human 
cancellous bone declines steadily throughout life 
[159–162], as does ash density [125, 163]. 
However, histomorphometry studies indicated 
that sex appeared to have minimal or no impact on 
this relationship [159, 161, 162, 164–166]. 
Although volume fraction and ash density may 
change similarly with age for both sexes, simi-
larly altering bone mechanical performance, the 
mechanisms of bone loss seem to be different and 
are at least partially related to sex-specific changes 

in the cancellous architecture. Regardless of sex, 
mean trabecular thickness as measured with tradi-
tional histomorphometry techniques decreased 
with age for vertebral bone [160–162, 167]. For 
men, decreased bone volume resulted more from 
progressive thinning of trabeculae while main-
taining the trabecular network, but for women, 
bone volume reductions resulted mainly from a 
loss of trabeculae (and consequently an increase 
in trabecular separation), while the thickness of 
the remaining trabeculae was maintained [159].

Interestingly, these sex-specific changes in 
architecture with age alter the modulus and 
strength of cancellous bone very differently. 
When a 10% reduction in bone density was mod-
eled in human vertebral cancellous bone, uniform 
thinning of trabeculae only reduced the bone 
strength by 20%, while the random removal of 
entire trabeculae reduced strength by 70%, and a 
reduction in both thickness and number reduced 
strength by 77% [168]. Even when normal bone 
density was restored by increasing the thickness 
of trabeculae to compensate for the bone loss, a 
strength deficit of 63% remained, which may 
help explain the higher fracture incidence 
observed clinically in women.

 Disease

Although bone is a living tissue that adapts to its 
mechanical environment, disruptions in bone 
metabolism by diseases such as osteoporosis and 
osteogenesis imperfecta can seriously compro-
mise structural integrity and the ability of bone to 
bear loads. Osteoporosis is a skeletal condition 
marked by reduced bone mass and a deteriorated 
architecture, which reduces bone strength and 
increases the likelihood of fracture [169, 170]. 
About 50% of white women and 20% of white 
men over 50  years of age will experience an 
osteoporotic fracture at the spine, hip, or forearm 
in their lifetime [170]. For white women, the life-
time risk of hip fracture (1 in 6) is greater than the 
risk of breast cancer (1 in 9). By 2030, the preva-
lence of osteoporosis and low bone mass are 
expected to increase by 30% (relative to 2010 
levels) in the United States, increasing from 54 
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million to over 71 million, thereby increasing 
fracture rates. Osteoporosis is often asymptom-
atic prior to fracture, thus making prediction and 
possible prevention difficult.

In addition to reducing bone mass, osteoporo-
sis also detrimentally affects architecture and 
material properties. Osteoporotic patients who 
sustain a vertebral fracture experience more tra-
becular thinning at the spine and iliac crest than 
normal, non-fractured aging subjects, resulting in 
a lower trabecular density, loss of trabecular con-
nectivity, and the disappearance of load-bearing 
trabecular struts [171, 172]. This architectural 
disruption from osteoporosis is sometimes 
accompanied by a compensatory increase in tra-
becular thickness [171], although this adaptive 
mechanism does not necessarily prevent fracture. 
Similarly, at the proximal femur, female patients 
with hip fractures had a lower bone volume frac-
tion, trabecular number, and connectivity than 
normal cadaveric controls, and the orientation of 
the trabecular structure was more aligned with 
the primary direction of loading, a characteristic 
known as structural anisotropy [173]. The archi-
tectural deficits in subjects with osteoporotic 
fractures were accompanied by reduced bone 
material stiffness and strength. In addition, bone 
biopsies of fracture patients revealed changes in 
tissue composition with osteoporosis, with frac-
ture patients having a lower mineral content, 
higher crystallinity, and higher collagen maturity 
than age-matched controls [146, 174].

Often referred to as brittle bone disease, osteo-
genesis imperfecta (OI) literally means imperfect 
bone formation and is a group of hereditary 
genetic disorders that primarily affect bone and 
lead to increased bone fragility. Most commonly 
OI results from mutations in the genes that 
encode for type I collagen [175], but mutations in 
other genes can also result in OI, including those 
important for collagen modifications preceding 
crosslinking and fibril formation and those 
involved in osteoblast differentiation and miner-
alization (reviewed by [176]). Therefore, most 
patients with clinical OI (i.e., types I–IV) experi-
ence abnormalities in type I collagen, the primary 
component of the bone tissue matrix, which may 
alter the normal mineralization process. Bone 

strength is compromised in patients with OI, as 
evidenced by the degradation in bone mass and 
material properties. Cortical bone in the femora 
of adult mice with a moderate-to-severe pheno-
type of OI (oim/oim) was significantly weaker 
than in wild-type mice, and the bone tissue was 
less compliant and resistant to fracture, as evi-
denced by reduced moment of inertia, ultimate 
load, stiffness, energy to failure, ultimate stress, 
and toughness and increased brittleness [177]. In 
this mouse model, the mineral-to-matrix ratio 
was increased, likely due to a lower matrix col-
lagen content [178]. In children and adults with 
OI types I–IV, bone mineral content and bone 
size were substantially reduced by 1.6–5.2 stan-
dard deviations as compared to normal controls 
[179, 180]. Matrix collagen defects will adversely 
affect bone mineral formation and likely compro-
mise bone tissue properties. Therefore, the accu-
rate evaluation of bone strength using surrogate 
predictions from routine clinical and laboratory 
assessment tools is essential, as is understanding 
the determinants of bone mechanical behavior.

 Bone Strength Predictions 
from In Vivo Measurements

Clinical imaging techniques are routinely used to 
assess bone mass and geometry, and advance-
ments in CT imaging have enabled analyzing cor-
tical and cancellous compartments separately, as 
well as characterizing spatial distributions of bone 
mass and geometry and some measures of cancel-
lous architecture. Direct measurements of tissue 
material properties cannot yet be made noninva-
sively, although two instruments can measure 
resistance to microindentation in cortical bone tis-
sue in vivo: BioDent™ and OsteoProbe® (Active 
Life Scientific, Santa Barbara, CA) [181–183]. 
This microindentation technology has produced 
mixed results related to its diagnostic utility. In 
clinical populations, several studies have reported 
that the bone material strength index (BMSi) 
measured in  vivo with impact microindentation 
(OsteoProbe®) at the tibial mid-diaphysis can dis-
tinguish between subjects with and without fragil-
ity fracture [184–187]. However, in one study, 

10 Biomechanics of Bone



198

BMSi was not associated with prevalent fracture 
in older women (75–80 years old) [188], and in 
another study, BMSi values were similar across 
postmenopausal women without fracture and with 
atypical femoral fracture (AFF) or hip fracture 
[189]. The BioDent cyclic reference point inden-
tation (RPI) device more consistently discrimi-
nated between fracture and non-fracture cases, 
particularly using indentation distance increase 
(IDI) measured in vivo in the tibia (fragility frac-
tures, AFF) [181, 190] and ex  vivo in femoral 
neck tissue extracted from hip fracture patients 
during surgery [191–193].

Although metrics from both microindentation 
tools seem to be associated with bone fracture in 
some studies, they are generally only weakly cor-
related with a few specific cortical bone material 
properties, and these relationships have been 
inconsistent across studies. IDI measured by 
cyclic RPI was largely independent of age, aBMD 
by DXA, and cortical geometry by HR-pQCT 
[194], and it explained only 25–35% of the varia-
tion in apparent-level ultimate stress and tough-
ness from bending tests in one study [195], and 
only 16% in fracture toughness and derived elas-
tic modulus in another study [192]. However, a 
finite element model of impact microindentation 
suggested that BMSi is sensitive to changes in 
material properties, especially elastic modulus 
and a scalar damage parameter [196]. In terms of 
composition, one study reported that accumula-
tion of advanced glycation endproducts in colla-
gen and cortical porosity were both correlated 
positively with IDI and negatively with BMSi 
[197], although these relationships were also very 
weak. Collectively, these studies suggest that met-
rics from cyclic RPI and impact indentation may 
reflect aspects of both elastic and plastic proper-
ties of cortical bone tissue but are not definitely 
associated with any particular material property. 
In addition, when cadaveric bone samples were 
experimentally manipulated (e.g., drying and ash-
ing to reduce toughness), RPI parameters 
responded differently than traditional material 
properties from bending tests, challenging the 
previous notion that IDI was inversely associated 
with bone toughness [198]. Furthermore, cyclic 
and impact measurements are only weakly corre-

lated with each other and likely are related to con-
tributions from different bone properties [194]. 
More extensive testing is needed to understand 
the clinical utility of these microindentation 
devices for specific patient populations and their 
ability to predict fracture in individual patients. 
These measures may be useful in assessing bone 
tissue quality locally during implant surgeries, 
thereby predicting mechanical competence at the 
interface [199].

Several analytical techniques can be used to 
extract structural properties from subject-specific 
images with varying degrees of simplifying 
assumptions. These structural properties can then 
be used to predict the strength and fracture risk of 
skeletal sites that commonly fracture, as well as 
provide insight into the etiology of fractures. The 
analytical approaches include structural analyses 
of densitometric data based on assumed geomet-
ric models, and engineering beam theory and 
finite element (FE) analyses based on CT data. 
The strength of these methods is that a mechani-
cally meaningful mechanism can be determined 
to compare the structural performance of bones 
from different individuals, rather than represent-
ing the complex structure with a single bone den-
sity value.

The X-ray attenuation profile obtained from 
DXA can be used to determine geometric prop-
erties, including cross-sectional area and polar 
moment of inertia about a plane perpendicular 
to the scan direction, assuming that these mea-
sures are defined solely by the mineral phase 
[55, 200–202]. If structural changes in whole 
bone properties are assumed to arise only from 
geometric changes and not from alterations in 
tissue properties, then DXA-derived parameters 
can also be used to predict structural perfor-
mance. This method has been applied exten-
sively to the  femoral neck and midshaft [200, 
203–205], the distal radius [201], and more 
recently the disal femur [206]. Calculating the 
structural behavior with this method requires 
assumptions to determine the underlying geom-
etry, mineral distribution and density, and rela-
tive cortical and cancellous fractions; therefore, 
the application of this technique may be most 
appropriate for cortical sites.
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QCT scans can be analyzed slice-by-slice to 
examine bone strength indices at sites where 
most fractures occur clinically, the spine, hip, and 
forearm [207]. The axial, bending, and torsional 
rigidity can be calculated in each slice based on 
composite beam theory [208–210], and assuming 
bone tissue fails at a constant strain [211], whole 
bone failure load can be determined as propor-
tional to the minimum structural rigidity in the 
cross sections. This approach combines appropri-
ate geometric properties of the bone or bone seg-
ment (i.e., cross-sectional area for axial tension/
compression, moments of inertia for bending and 
torsion) with the voxel-based values of material 
properties (i.e., elastic modulus), calculated 
based on the apparent-level tissue density and 
empirical equations noted earlier. Model-based 
estimates of bending and torsional rigidity 
together were better predictors of fracture than 
were traditional radiographic methods [212]. 
Axial rigidity correlated better with experimen-
tally measured vertebral strength than did BMD- 
based structural measures and was equivalent to 
finite element strength predictions, at least for 
this simple compression loading scenario [213, 
214]. Historically, CT-based strength indices 
were used in retrospective population-based stud-
ies to compare the mechanical competence of 
bone in the spine, hip, and wrist across ages and 
between sexes [215, 216]. More recently, these 
CT-based methods were applied prospectively to 
predict incident vertebral and hip fractures in 
cancer patients with skeletal lesions [217, 218]; 
however, these studies used the ratio of the 
affected bone to the contralateral bone to dis-
criminate fracture vs. non-fracture cases, an 
approach not appropriate for osteoporosis or 
other conditions that affect both limbs similarly.

Finite element models of the spine and proxi-
mal femur take this QCT-based approach further 
and provide the opportunity to include subject- 
specific bone geometry, distribution of apparent 
properties, and more complex loading conditions 
in a fully three-dimensional analysis [219, 220]. 
As in the two-dimensional analysis, the bone 
geometry is modeled with high fidelity from the 
scan data, and apparent-level material properties 
can be included based on the CT-measured den-

sity. In contrast to the stiffness determined from 
the two-dimensional analyses, FE models can 
predict both stiffness and strength when nonlin-
ear analyses are performed. When FE models of 
vertebral and femoral bone are compared to 
ex vivo mechanical testing data, the FE-predicted 
strength correlates well with the experimentally 
measured failure strength (explaining 50–95% of 
the variance) and explains 10–40% more vari-
ability in strength than does BMD from DXA or 
QCT [213, 221–232].

The ability of QCT-derived, specimen-specific 
FE models to predict vertebral and hip fractures 
independently of BMD has been examined in two 
prospective clinical studies, the multi-center 
osteoporotic fractures in men (MrOS) study with 
a cohort of ethnically diverse men aged 65 and 
older [73, 77] and the single-center Age, Gene/
Environment Susceptibility-Reykjavik Study 
(AGES-Reykjavik) consisting of Icelandic men 
and women born between 1907 and 1935 [76, 
233–235]. In the MrOS study, FE vertebral 
strength predicted fracture independent of lum-
bar spine (LS) aBMD; and after adjusting for 
age, race, body mass index (BMI), and clinical 
center, FE strength was a better predictor of ver-
tebral fracture than LS aBMD but not QCT inte-
gral (cortical and cancellous) vBMD [77]. In the 
AGES-Reykjavik study, after adjusting for age, 
BMI, and prior fracture, FE vertebral strength 
was associated with fracture, independent of 
vBMD, for men but not women [76]. In the prox-
imal femur, strength from the FE models pre-
dicted hip fracture in both cohorts [73, 76, 233, 
234], although it was not independent of BMD 
for all cases. In MrOS, after adjusting for age, 
BMI, clinical center, and total hip aBMD, FE 
femoral strength was no longer significantly 
associated with hip fracture [73]. In AGES, after 
adjusting for age, BMI, and CT-based femoral 
neck aBMD, FE strength remained associated 
with hip fracture for women but not for men, and 
if CT-based total hip aBMD was used in the 
model instead, FE strength was associated with 
fracture for both men and women [76].

QCT-based FE models are a promising tech-
nique to predict bone strength noninvasively at 
sites that commonly experience fragility frac-

10 Biomechanics of Bone



200

tures, although they do not yet reliably predict 
fracture better than BMD in all studies. The pre-
dictive ability of these models depends on the 
specific density-modulus relationships used [236, 
237] and may be improved by the use of subject- 
specific relationships [238]. In addition, most 
models simulate quasi-static loading conditions 
and are validated with quasi-static mechanical 
testing, but recent studies indicate that dynamic 
FE models that include more sophisticated mate-
rial mapping strategies, and are validated with 
more dynamic impact tests simulating falling, 
may improve model accuracy [239]. In particular, 
improving our understanding of both cortical and 
trabecular bone behavior at high strain rates, and 
the specific loading conditions that lead to frac-
ture, may lead to improved FE models that are 
more consistently predictive of fracture. 
Furthermore, higher spatial resolution in CT 
scans would also improve these models, as spa-
tial variation in geometric and material properties 
would be captured more accurately [240].

HR-pQCT scans have enabled the develop-
ment of micro-FE models [241, 242], although 
this technique is still mostly limited to research 
studies and can only be done in the peripheral 
skeleton. Because HR-pQCT scans overestimate 
bone volume compared with micro-CT (regres-
sion slopes of 0.73–0.86 for ex  vivo experi-
ments) [26, 243–245], micro-FE models 
overestimate bone stiffness and strength, which 
are highly dependent on bone volume fraction. 
Nevertheless, results from micro-FE models 
based on HR-pQCT scans are highly correlated 
with those based on micro-CT scans, and their 
behavior can be adjusted by altering the tissue 
modulus or parameters in the failure criterion 
[241]. Based on ex  vivo mechanical testing 
experiments, micro-FE models from HR-pQCT 
can accurately predict bone strength in the distal 
radius and tibia, but results are highly dependent 
on the modulus and study parameters, which 
vary across studies [246–250]. In vivo studies 
showed that FE-predicted properties (e.g., stiff-
ness, strength) at the distal radius and tibia were 
associated with several types of fragility frac-
tures in men and women [251, 252]. An ex vivo 

study similarly found that FE-predicted radius 
strength correlated with measured L4 vertebral 
strength and that FE-predicted tibial strength 
was strongly correlated with both vertebral and 
femoral strength [253]. However, more studies, 
and in particular prospective studies, are needed 
to determine the efficacy of micro-FE calculated 
strength at peripheral sites in predicting verte-
bral or hip fractures. In addition, although micro-
FE models consistently predict bone strength 
better than BMD, they do not clearly provide 
better prediction of fracture risk even at the dis-
tal radius [241].

In summary, current clinical tools that assess 
fracture risk based primarily on bone mass and 
geometry do not reliably predict whether or not a 
patient will fracture. Based on the concepts of 
bone mechanics and laboratory studies presented 
here, we see that the structure and properties of 
bones are complex and depend on many factors. 
Future techniques should combine information 
regarding an individual’s bone mass, geometry/
architecture, and tissue material properties to pro-
vide a more precise measurement of bone strength 
and susceptibility to fracture, regardless of age, 
sex, or the presence of skeletal diseases (and per-
haps even more so because of these). A combined 
imaging–modeling approach can include all of 
these factors and has the potential to elucidate 
skeletal structural performance mechanistically 
and improve our ability to predict skeletal fragil-
ity. Recent advances in QCT-based FE modeling 
and HR-pQCT-based micro-FE modeling show 
promise for fracture prediction, although more 
research is needed to improve the accuracy of 
these models, particularly in terms of more realis-
tic material mapping and mimicking of in  vivo 
loading conditions. Furthermore, fracture risk 
also depends on the loading environment and the 
propensity for falling. Improving the accuracy of 
model boundary conditions through better esti-
mates for the nature and magnitude of mechanical 
forces experienced during a variety of tasks, and 
expanding to multi- scale representations that cap-
ture other important factors, such as muscle 
strength and balance, could substantially advance 
clinical fracture prediction.
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 Introduction

The utility of exercise as a strategy to optimize 
bone health is an important public health goal. It 
is well known that skeletal unloading that can 
occur following spinal cord injury, prolonged bed 
rest, limb immobilization, or microgravity leads 
to bone loss, particularly in weight-bearing skel-
etal sites [1–6] and may not be fully reversed 
with return to normal weight bearing [7]. By con-
trast, the effect of additional loading (exercise) 
on the skeleton is highly dependent on the load-
ing features of a given activity and may be further 
influenced by age and diet. Recent work has con-
siderably advanced the development of an opti-
mal exercise prescription to enhance bone health 
across the life span; however, whether or not 
exercise can prevent osteoporotic fracture 
remains an active area of inquiry.

The practical goal of a bone-targeted exercise 
intervention is to optimize bone health in order to 
reduce the incidence of osteoporotic fracture, but 
the etiology of osteoporotic fractures includes 
both low bone mass and falls. Falls account for 
more than 90% of hip fractures, more than 50% 
of vertebral fractures, and nearly all wrist frac-
tures. Thus, optimizing exercise interventions to 
reduce the risk of fracture should be aimed to 
improve bone health and to prevent falls.

This chapter provides a review of exercise as a 
strategy to reduce osteoporotic fracture by maxi-
mizing bone health and modifying additional 

Key Points
• Regular physical activity will likely 

reduce the risk of osteoporotic fracture 
across the life span by optimizing peak 
bone mass in childhood, consolidating 
or enhancing adult bone, and reducing 
falls in old age.

• Osteogenic exercise is site specific, 
requires overload, is reversible if dis-
continued, is most effective in those 
with the weakest bones, and is opti-
mized by adequate calcium.

• The optimum exercise regime involves a 
minimum of twice-weekly, high-inten-
sity, weight-bearing impact loading and 
resistance training; however, the precise 
exercise prescription remains to be 
determined.
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factors of risk. The review will summarize the 
high-quality evidence on exercise interventions 
across the life span and other quality forms of 
evidence that supports exercise as a fracture pre-
vention strategy. Guidelines for prescribing exer-
cise to reduce factors of risk are proposed and 
directions for future research are identified.

 Factor of Risk

The factor of risk, based on engineering princi-
ples, is defined as the ratio between the applied 
load and the load at which a bone fractures 
(ϕ  =  applied load/fracture load). If the applied 
load is greater than the fracture load, then frac-
ture is likely. Conversely, if the applied load is 
less than the fracture load, fracture is unlikely to 
occur. In a 70-year-old individual with average 
hip bone mass, the factor of risk of hip fracture 
ranges from 1.25 to 3.0 for a fall from standing 
height [8–10].

For hip fractures, exercise is a potentially 
powerful prevention strategy because it can alter 
both the numerator and the denominator of the 
factor of risk. Exercise can affect the numerator 
by eliminating falls, because when the numerator 
becomes zero, fracture becomes highly unlikely. 
To raise the denominator, exercise can increase 
bone mass and reduce skeletal fragility, thus rais-
ing the force required to fracture.

Given the strong relationship between bone 
mineral density (BMD—a DXA-derived bone 
mass surrogate based on densitometry) and fail-
ure load, increasing BMD is an important strat-
egy for reducing fractures [11–13]. Bone strength 
is also strongly influenced by its geometric pro-
portions. Small increases in cross-sectional area, 
width and moment of inertia, that are indepen-
dent of changes in BMD can convey dispropor-
tionately large improvements in the resistance of 
long bones to bending [14]. Effecting changes in 
cross-sectional geometry then is an important 
strategy to reduce the factor of risk. Advances in 
the noninvasive measurement of bone geometry 
with techniques such as quantitative computed 
tomography (QCT) [15], peripheral quantitative 
computed tomography (pQCT) [16–22], quanti-

tative ultrasound [23], and magnetic resonance 
imaging (MRI) [24] have improved our under-
standing of exercise effects on geometric proper-
ties of bone; however, measurement issues of 
validity and reliability continue to limit transla-
tion of findings on bone geometry into exercise 
recommendations.

 Exercise Study Design

The influence of study design and rigor on the 
ability to interpret research findings is particu-
larly important when examining the effect of 
exercise on bone health. In general, cross- 
sectional data reveal that physically active indi-
viduals have higher bone mass than people who 
are less active. One key limitation of cross- 
sectional data, however, is that of self-selection 
bias, where individuals who choose to participate 
in a specific type of exercise may have predispos-
ing skeletal attributes that favor their ability to 
successfully perform the activity or sport and to 
do so without injury. For example, while power 
lifters have higher than average bone mass, suc-
cess in this sport entails repetitive lifting of very 
heavy weights that may depend upon the athlete 
having an initially strong skeleton before training 
ever starts. Ergo, cause and effect cannot be 
established in a cross-sectional comparison. 
Another limitation of most cross-sectional exer-
cise studies is the use of standard physical activ-
ity questionnaires (PAQs) to define a dose of 
exercise of relevance to bone. Most PAQs are 
designed to measure energy expenditure and do 
not assess the magnitude of forces applied to the 
skeleton during a given activity. Attempts to cor-
relate bone mass to total energy expenditure 
rather than loading patterns introduce validity 
error and, as a consequence, the likelihood of 
drawing inappropriate conclusions. While a 
bone-specific PAQ has been developed to over-
come this measurement problem of validity [25], 
randomized, controlled, intervention trials 
(RCTs) remain the most rigorous approach to 
examine the effects of exercise on bone.

In this chapter, we have therefore chosen to 
emphasize observations derived from exercise 
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RCTs, with bone as the primary outcome mea-
sure. Cross-sectional observations are included, 
where appropriate, to illustrate consistency with 
experimental findings, or when RCT data are 
absent or equivocal.

 General Principles of Effective  
Bone Loading

 Fundamental Principles of Exercise 
Training for Bone

Early in the history of the field of exercise and 
bone, Drinkwater [26] emphasized the need to 
incorporate the following five principles of exer-
cise training into the design of exercise interven-
tions for bone health: specificity, overload, 
reversibility, initial values, and diminishing 
returns. While the principles are clearly interre-
lated, independent consideration will assist in the 
development of customized exercise training pro-
grams for bone health.

 Specificity
According to the principle of specificity, an 
exercise protocol must load a bone directly in 
order to stimulate a response from it. That is, 
exercise does not have a generalized systemic 
effect on the skeleton. For example, lower 
extremity impact activities that prevent bone 
loss at the hip do not influence the bones of the 
forearm [27].

 Overload
Exercise must overload bone in order to stimulate 
it. That is, loads experienced at the skeleton must 
be either sufficiently different from or greater in 
intensity than normal daily loading to stimulate 
bone accretion [28]. Lack of attention to overload 
has been a frequent shortcoming of published 
intervention studies, and one that is particularly 
challenging to address given the limited 
approaches to directly measure loads applied to 
skeletal sites during exercise. Existing techniques 
are highly invasive and impractical for many 
sites. Derived estimates of loading are the only 
reasonable option but are seldom quantified.

Although not definitive, it is possible to make 
inferences from studies examining high- versus 
low-intensity loading to illustrate the principle of 
overload. For example, high-intensity strength 
training (>80% of one repetition maximum) 
more effectively increases spine and hip bone 
mass than low- or moderate-intensity training 
[29–31]. Similarly, weight squatted over the 
course of a 1-year progressive strength training 
program positively predicted change in trochan-
teric BMD [32]. The relationship between exer-
cise intensity measured by accelerometry and hip 
bone mass has been reported for a cohort of pre-
menopausal women over the course of a year 
[33]. It was found that physical activities that cre-
ated accelerations exceeding 3.6  g were posi-
tively related to bone mass at the hip, which 
suggests that an exercise intensity threshold 
might exist. While these indirect approaches are 
informative, they remain insufficient to deter-
mine a precise effective dose of loading that can 
translate into an exercise prescription. Advances 
in technology that will improve our ability to 
directly measure or indirectly model bone strain 
during exercise will facilitate quantification of 
the overload principle and precision dosing of 
exercise.

 Reversibility
When exercise is an adaptive stimulus, reversibil-
ity should be demonstrable. By proof of princi-
ple, the cessation of an activity would reverse 
exercise-induced bone accretion. The principle of 
reversibility applies primarily to mature adult 
bone that has reached a point of continuous 
remodeling [34–36], rather than to the growing 
skeleton that is in the modeling phase of growth. 
Recent data indicate that gains achieved from 
exercise during the period of longitudinal bone 
growth are maintained in the medium (1–3 years) 
term [37–39], but longer term follow-up studies 
are required to determine whether or not these 
improvements persist into adulthood. Cross- 
sectional adult data suggest that there is a bone 
maintenance effect from increased bone loading 
during childhood, as individuals who exercised 
during their youth have significantly higher bone 
mass and/or more favorable bone geometry later 
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in life than those who were less active [40–42]; 
however, the previously mentioned self-selection 
bias could also apply to these data.

 Initial Values
The principle of initial values refers to the concept 
that responses from bone to loading will be great-
est in individuals with the lowest bone mass. For 
example, premenopausal women with the lowest 
initial bone mass demonstrated the greatest 
improvement at the hip following 12 months of 
impact plus resistance training [43]. 
Postmenopausal women with low bone mass 
experience exercise-induced gains in spine and/or 
hip bone mass that are over twice as high [44, 45] 
as reported gains in similar cohorts with average 
bone mass [29, 31, 34, 46–48].

The initial values effect is likely to reflect the 
principle of overload, as smaller, weaker bones 
will experience greater strain than larger, stron-
ger ones exposed to the same load. When loading 
is extremely high (>10 body weights [BW]), 
skeletal improvements are observed regardless of 
initial values [49], suggesting that even very 
robust skeletons will be overloaded at such high 
load intensities because the applied load far 
exceeds habitual loading.

 Diminishing Returns
The principle of diminishing returns is evident 
when a ceiling effect in bone adaptation is 
observed when a consistent dose of loading is 
delivered over time. Diminishing returns is simi-
larly related to the principles of initial values and 
overload, as bone will be strained less by the 
same load once mass and geometric adaptations 
to an exercise stimulus have taken place. Indeed, 
it is the raison d’être of the adaptive response to 
mechanical loading.

 Characteristics of Bone Response 
to Exercise Loading

A number of characteristics distinguish the exer-
cise response of the skeletal system from other 
body systems. First, changes are typically modest 
(1–5%). Second, the time required to elicit a 

measurable response is considerable (at least 
4–6  months), and third, exercise-induced 
improvements in bone strength can occur in the 
absence of changes in bone mass, through mor-
phological adaptations.

The magnitude of BMD increases in response 
to exercise training appears small when com-
pared to other systems, such as skeletal muscle or 
cardiac function. For example, the mean change 
in BMD in adult women in response to generic 
exercise training has typically averaged ~1% 
[50], whereas increases in muscle strength and/or 
maximal aerobic fitness can be orders of magni-
tude greater. Nevertheless, even small BMD 
improvements can be clinically meaningful. For 
example, it has been estimated that a 1% increase 
in BMD following antiresorption drug treatment 
should reduce the risk of vertebral fracture 
around 4% [51]. Whereas both the neuromuscu-
lar and cardiovascular systems typically respond 
to a training stimulus within 4–6  weeks, bone 
requires at least 6 months to reflect measurable 
adaptation, that is, complete a full remodeling 
cycle and achieve a modicum of mineralization 
in new osteoid.

As previously noted, substantial gains in the 
resistance of a long bone to bending and fracture 
can be achieved by the strategic addition of even 
small amounts of new bone around the circum-
ference of the shaft [52]. While changes in bone 
mass are not always observed following exercise 
intervention, measurement of the cross-sectional 
geometry of a long bone before and after an inter-
vention may reveal these subtle but critical struc-
tural improvements.

Although there are data to the contrary [53], 
there are some evidence that bone age will influ-
ence the skeletal response to loading in animal 
studies [54] and human trials [55], but few high- 
quality RCTs have been conducted with age as an 
independent variable and/or with sufficient statis-
tical power to consider age as an effect modifier 
of adaptability. The difference in the bone 
response by age could merely reflect a difference 
in intensity of effort, and therefore loading, dur-
ing an exercise bout between young and older 
individuals. In fact, such differences in loading 
intensity between individuals may also partly 
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explain the phenomenon of responders and non-
responders to any exercise intervention [30].

 Important Load Parameters

Animal data have clearly shown that bone 
responds preferentially to certain characteristics 
of mechanical loading. It has long been known 
that, when other factors remain constant, high 
magnitude loads that induce relatively large bone 
strains (deformations) are more osteogenic than 
low [56]. As the frequency (cycles per second) of 
loading increases, however, the magnitude of the 
load required to stimulate an adaptive response 
from bone decreases [57]. Strain rate (the speed 
at which a bone deforms under load) is also a 
highly influential adaptive stimulus [58]. And 
finally, strain gradient, or the pattern of strain 
experienced across a loaded bone, is known to 
direct the location of bone remodeling [59].

 The Osteogenic Index—An Exercise 
Algorithm Derived from Animal Data

Turner and Robling translated the findings of a 
generation of basic animal research into a theory 
for practical exercise application [60, 61]. They 
developed the Osteogenic Index (OI), a method 
to predict the effectiveness of an exercise regime 
to improve parameters of bone strength based on 
the known response of bone cells and tissue to 
certain types of loading [61]. The OI requires 
dynamic (cyclical) loading and accounts for load 
magnitude, rate, and frequency [62, 31, 46, 63–
65]. They noted that animal bone tissue becomes 
desensitized to prolonged loading and, in fact, 
loses the majority of its mechanosensitivity after 
20 loading cycles [56, 66]. Adding rest periods 
between bouts of loading markedly improves the 
bone response to a cyclical stimulus [67]. Thus, 
they propose that a regime of frequent, short, 
intense bouts of exercise should be most benefi-
cial to bone.

The validity of the Osteogenic Index for 
human application remains to be formally tested. 
Preliminary evidence suggests the human 

response may vary in subtle ways, such as the 
importance of cycle number. For example, while 
300 jump repetitions per week for 7 months pro-
duced positive effects at the hip and spine in pre-
pubescent children, reducing the jump number to 
150 failed to reproduce the effect [68]. Collective 
findings of jumping studies in premenopausal 
women, however, support the OI theory as even 
low numbers of weekly jumps can produce a 
bone response with little added benefit from 
additional impacts [69–71]. Recently, it was 
reported that women who performed the greatest 
amount of impact activity, measured by acceler-
ometry, above a threshold level of intensity had 
significantly greater improvements in hip BMD 
compared with women who performed lower 
amounts of activity [72]. These data suggest that 
the cycle number may be an important determi-
nant of bone responsiveness to impact activity, 
but that the effect may follow more of a threshold 
rather than dose–response pattern. As previously 
described, effective dose has also been examined 
in a 6-month unilateral impact study design in 
premenopausal women [73], which indicated 
more hopping sessions per week is more osteo-
genic at the femoral neck than less.

 Studies of Exercise and Bone  
Across the Life Span

 Exercise and Peak Bone Mass

The National Institutes of Health (NIH) 
Consensus Conference on Osteoporosis [74] 
reported that optimizing peak bone mass should 
be a primary strategy to prevent osteoporosis. 
The recent National Osteoporosis Foundation’s 
Position Statement on peak bone mass develop-
ment and lifestyle factors reports that lifestyle 
choices influence 20–40% of peak bone mass and 
that grade A evidence indicates physical activity 
is highly beneficial [75].

 Children, Exercise, and Bone— 
Cross- Sectional Observations
Studies of children and adolescents of various 
races/ethnicities generally support significant 
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associations between physical activity and total 
body, hip, spine, and forearm bone mass [76–
84]. Exercise appears to have the greatest effect 
when undertaken during the early pubertal 
years [41].

Compared with less active children, highly 
active children have a greater rate of bone min-
eral accumulation for the two peripubertal years 
during which bone is most rapidly accruing 
(12.5  years for girls and 14.1  years for boys) 
[79]. This greater accrual translated into 9% 
and 17% higher total body bone mineral con-
tent 1  year after peak bone mineral content 
velocity for active boys and girls, respectively. 
Others have also observed that the differences 
in spine bone mass of athletic and control chil-
dren are greater in the peripubertal years of 
Tanner stages IV and V (average ages 13.5 and 
15.5, respectively) compared with earlier 
Tanner stages [85].

Variability in the skeletal response to different 
types of sports and/or comparisons of BMD 
across different types of athletes reflect the dif-
ferent loading patterns of a given activity and 
exemplify the principle of specificity [83, 86]. 
The effect is elegantly demonstrated by a com-
parison between limbs within a person. Dominant 
limbs have greater bone mass than nondominant 
limbs [87], and athletes whose sport preferen-
tially loads their dominant limbs develop even 
greater bilateral disparity [88, 89]. Again, differ-
ences in bone mass between playing and non-
playing arms in female squash and tennis players 
are about two times greater if participation in the 
sport begins during puberty [40, 85].

In general then, the majority of cross-sectional 
studies suggest that exercise benefits to the pedi-
atric skeleton are site-specific and optimal during 
the peripubertal years.

 Pediatric Exercise Intervention 
Findings
After a 2001 NIH Consensus statement [74] rec-
ommended optimizing peak bone mass for the 
prevention of osteoporosis, the influence of exer-
cise on growing bone became a focus of intense 
research.

Infants
The known principles of optimal bone loading 
notwithstanding, even very low-intensity exer-
cise may be appropriate for and beneficial for 
children who may have comprised bone health. 
In a study of premature infants, five repetitions of 
range of motion, gentle compression, flexion and 
extension exercises five times a week induced 
greater acquisition of bone mass at 4  weeks in 
exercised babies than in controls [90]. A similar 
protocol initiated at 1 week of age prevented typi-
cal postnatal loss of tibial speed of sound (a 
marker of bone strength) in very low-birth-weight 
infants [91]. Others have observed, however, that 
calcium intake exerts a greater influence on bone 
mineral accrual than 18 months of either gross or 
fine motor activity in 6-month-old infants [92]; 
thus, the combined importance of diet plus exer-
cise should be recognized.

Preschoolers
The only intervention to target bone health in 
preschoolers assessed the material and structural 
response of bone in children randomized to gross 
motor activities compared with fine motor activi-
ties 30 min/day, 5 day/week for 12 months, with 
or without 1000 mg/day calcium [93]. Exercise 
alone increased tibial periosteal and endosteal 
circumferences, but the addition of calcium 
improved leg bone mass, cortical thickness, and 
cortical area of the distal tibia most markedly. 
While the differences in periosteal circumference 
remained between the groups 12  months after 
cessation of the intervention, the investigators 
reported that persistently higher activity levels 
among those in the gross motor activity group 
might have accounted for the disparity [94].

Pre- and Peripuberty
Favorable responses to bone loading exercise that 
included resistance and/or jump training have 
been observed for both prepubertal [95–97] and 
early pubertal girls [95, 98, 99], with the predom-
inance of the evidence suggesting that early 
puberty is a particularly sensitive stage [41]. In a 
randomized study of 89 prepubescent boys and 
girls (mean age = 7.1 years), jumping 100 times, 
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3 day/week at ground reaction forces of eight 
times body weight, increased femoral neck and 
lumbar spine bone mass 4.5% and 3.1%, respec-
tively, in comparison with controls [100]. The 
effect was maintained 7 months after detraining 
[37], suggesting that the program had the poten-
tial to augment peak bone mass. Early pubertal 
boys and girls (mean age  =  10.6  ±  0.6  years) 
exposed to 9 months of thrice-weekly 10 minutes 
of capoeira and jumping activities during school 
time improved indices of bone strength and meta-
bolic outcomes, an effect that appeared to be sus-
tained 1  year later [38, 101, 102]. Geometric 
changes have also been observed in response to 
exercise training in this age group. Femoral mid- 
shaft cortical thickness increased in prepubertal 
boys after 8  months of weight-bearing activity 
[103]. Similarly, 2  years of participation in a 
school-based, high-impact, weight-bearing exer-
cise program that supplemented regular physical 
education led to improvements in the structural 
properties of the femoral neck in prepubescent 
boys (mean age  =  10.2  years) compared with 
controls [104]. A mere 10  minutes of jumping 
activity twice weekly for 9  months improved 
both femoral neck geometry and spine bone mass 
compared with controls in a healthy cohort of 
peripubertal boys and girls (mean 
age  =  13.7  years) [105]. There have been few 
high-quality head-to-head comparisons of the 
responses of pre- versus peripubertal children to 
bone-targeted exercise. The one exception 
reported improvements at the hip and spine only 
in the early (peri-)pubertal girls [106].

Postpuberty
Few exercise interventions have exclusively tar-
geted postpubertal adolescents. One trial reported 
that 15 months of resistance training produced a 
significant increase in femoral neck bone mass in 
adolescent girls (~ 2.5  years postmenarche), 
despite major challenges with subject compli-
ance [107]. A study comparing the effects of 
twice weekly step aerobics for 9 months in pre- 
versus postmenarcheal girls reported bone mass 
and geometric parameters of bone strength 
increased at the spine and hip for premenarcheal 
girls only [108]. It is important to note that pre-

menarcheal is not the same as prepubertal; thus, 
the latter findings reflect a peri- rather than pre-
pubertal effect.

Findings from intervention trials support those 
of cross-sectional studies and indicate that exer-
cise has a positive effect on bone mass and geom-
etry in children. The consensus suggests that the 
effect is most marked during early puberty and 
that benefits are sustained, at least in the medium 
term during childhood. It remains to be seen if 
those benefits translate to a reduced risk of osteo-
porosis and/or fracture in later life. Only large, 
very long-term follow-up investigations can 
determine if such an outcome can be achieved.

 Exercise and Bone Mass in Adults

Although the response of the adult skeleton to 
exercise has been studied extensively, consider-
able diversity in study design exists. Coupled 
with logistical challenges of resource intensive 
exercise trials, methodological inconsistency, 
sample heterogeneity, and the influence of con-
current interventions (e.g., dietary) often limit the 
ability to make direct comparisons between them. 
Randomization is particularly problematic, as 
adults who volunteer for an exercise study do not 
wish to be allocated to a control group and exer-
cise allocation cannot be blinded. Innumerable 
studies are casualties to poor compliance, given 
the necessarily protracted duration of interven-
tions, and poor acceptance of exercise by those 
who often need it most. Furthermore, there are 
relatively few studies in men due to the common 
misperception that osteoporosis is a female 
condition.

 Adults, Exercise, and Bone— 
Cross- Sectional Observations
Observational data indicate that adults engaged 
in weight-bearing exercise at intensities of >60% 
of aerobic capacity have consistently greater 
bone mass than nonexercisers or those exercising 
at low aerobic intensities. These differences have 
been observed for BMD at the whole body [109–
117], spine, proximal femur [81, 109–111, 113, 
115–125], pelvis [110, 114], distal femur [126], 
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tibia [110, 117, 121, 127, 128], humerus [110], 
calcaneus [129, 130], and forearm [121]. 
Broadband ultrasound attenuation and speed of 
sound transmission in the calcaneus are similarly 
higher in runners than in controls [113]. 
Consistent with the principle of specificity, high 
bone mass is typically confined to the loaded 
bone(s) [114, 131–133].

There is an abundance of evidence that certain 
activities do not sufficiently overload the skele-
ton to invoke an adaptive response [134]. Athletes 
participating in moderate- to high-intensity 
impact activities such as running, jumping (e.g., 
volleyball or basketball) and power lifting have 
greater bone mass than those performing low- 
intensity or non-weight-bearing activities [112, 
125, 135, 136], whereas individuals who partici-
pate in non-weight-bearing activities such as 
swimming have similar bone mass to nonexercis-
ers [126, 137], although some data to the contrary 
exist for men [138]. Muscle forces on the skele-
ton during elite-level swimming training do not 
appear to offset the substantially reduced daily 
weight-bearing activity associated with long 
periods of time spent in a weight-supported envi-
ronment (water).

In studies of nonexercising adults, as in chil-
dren, the dominant arm exhibits greater total and 
cortical bone mass than the nondominant arm 
[87, 139], and side-to-side differences are simi-
larly exaggerated when the dominant limb is 
chronically overloaded, for example, during rac-
quet sports [88, 89, 119, 126]. Some have found 
that the difference is accounted for by increased 
periosteal area and cortical thickness rather than 
by bone mass [139], while others have observed 
both expanded diaphyseal diameters and 
increased bone mass in the dominant limb of ath-
letes. A 27% difference in cortical cross-sectional 
area has been observed between left and right 
humeri of adult tennis players compared to a non-
significant 5% difference in controls [88]. Others 
have observed differences in diameter and length 
of playing arm ulnae of tennis players compared 
to the contralateral arms [140]. The second meta-
carpals of playing hands were also wider and lon-
ger than those of the contralateral hands, whereas 

no differences were observed between limbs of 
controls. The latter somewhat isolated observa-
tions suggest that exercise may potentiate long 
bone growth in length, a curious and largely 
unrecognized finding with implications for over-
all height. That side dominance is not evident in 
athletes who load both limbs equally in the course 
of their training (rowers and triathletes) [141] 
attests to the principle of site specificity. The 
effects of a functionally side-dominant sport can 
also be masked by the addition of high-intensity 
bilateral cross training [142].

Although controlled trials suggest that not all 
types of exercise training (e.g., swimming, 
cycling) are effective in the prevention of age- 
related bone loss [143], there is clear and consis-
tent evidence that active people who have 
exercised for many years generally have higher 
bone mass than less active people [77, 111, 118, 
144–148]. While an early cohort study suggested 
that there was no relationship between osteopo-
rotic fracture and exercise history in older men 
(in spite of a linear trend between lifetime and 
current exercise and hip bone mass) [147], there 
is growing evidence from more recent large, lon-
gitudinal cohort studies in the United States and 
Europe that physical activity is indeed associ-
ated with a lower risk of hip and other fractures 
[149–152]. Furthermore, two large meta-analy-
ses of prospective cohort studies have shown a 
clear association between moderate to vigorous 
physical activity and a reduction in hip fracture 
[153, 154].

 Exercise Interventions in Young 
and Older Premenopausal Women
Meta-analyses of randomized, controlled trials 
suggest that exercise training programs enhance 
the bone mass of premenopausal women in a site- 
specific manner [155, 156]. Both resistance and 
weight-bearing endurance exercise programs 
have been reported to increase spine, hip, and cal-
caneal bone mass of young adult women [65, 69, 
155, 157–159]. However, in contrast to the devel-
oping skeleton, the principle of reversibility 
applies, that is, osteogenic loading must be sus-
tained to maintain bone gains. For example, 
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increases in trochanteric and femoral neck BMD 
observed after 12 months of resistance plus jump 
exercise declined to baseline values after only 
6 months of detraining in premenopausal women 
[36] (Fig.  11.1). Two-year observations of col-
lege gymnasts indicate that bone at the hip, spine, 
and whole body consistently increased over the 
training seasons and decreased in the off-season 
[160] (Fig. 11.2). By contrast, the relatively lower 
magnitude loading associated with field hockey 
playing was not sufficient to stimulate seasonal 
changes in a similar aged cohort [142].

Recognizing the importance of load magni-
tude and loading rate for bone stimulation, exper-
imental training protocols have frequently 
employed impact loading (jumping) as an exer-
cise mode. While load magnitude is similar for 
jogging and jumping (two to five times body 
weight [BW]), the loading rate for jogging is 
roughly 75 BW/second while jumping is approx-
imately 300 BW/second. Unsurprisingly, jump-
ing has consistently been shown to increase 
femoral and sometimes lumbar spine bone mass 
in premenopausal women [55, 69–71, 161]. 
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Fig. 11.1 Percent changes in BMD across training and 
detraining periods (mean ± SEM) at the (a) greater tro-
chanter, (b) femoral neck, (c) lumbar spine, and (d) whole 
body. BMD, bone mineral density; SEM, standard error of 
the mean. ∗ = exercise group significantly different from 

controls, p <0.05, † = change over detraining period sig-
nificantly different from change over training period, 
within group, p <0.05. (Reprinted from Winters and Snow 
[36]. With permission from John Wiley & Sons, Inc.)
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The most recent meta-analyses involving pre-
menopausal women concluded that impact-only 
exercise protocols are preferentially effective at 
the femoral neck [155], while resistance training 
protocols are most effective at the spine [162]. 
The number of impacts performed per session in 
the studies describing a bone effect ranges from 
10 [70] to 100 [71], reinforcing observations 
from animal studies that magnitude rather than 
the number is the key loading characteristic. A 
6-month unilateral impact study design in pre-
menopausal women [73] revealed a subtle dose 
response at the femoral neck BMD of 50 hops per 
session that became significant at 7  days 
 compared to 0 or 2 days, suggesting that increas-
ing exposure to short bouts of impact loading will 
enhance the bone response.

Few studies have addressed the skeletal 
response to loading in the years just prior to 
menopause. The limited data suggest that peri-
menopausal women who exercise will maintain 

bone mass at loaded sites to a greater extent than 
women who remain inactive [163, 164].

 Exercise Interventions 
in Postmenopausal Women
The reduction in circulating estrogen and associ-
ated acute and rapid bone loss that accompanies 
menopause represents a powerful confounding 
factor for the study of exercise effects in post-
menopausal women. Furthermore, combining 
both early and late postmenopausal women in the 
target sample of exercise trials makes separating 
the competing effects of exercise and estrogen 
withdrawal difficult. In spite of this, encouraging 
findings have been reported to suggest that exer-
cise of sufficient intensity can slow or stop the 
rapid bone loss that occurs in the years immedi-
ately after the onset of menopause. One study 
demonstrated that high-intensity resistance train-
ing was as effective as hormone therapy in pre-
venting bone loss at the spine in early 
postmenopausal women [165]. A 4-year progres-
sive strength training program found exercise fre-
quency to be significantly positively associated 
with changes in bone mass at the hip and spine in 
women an average of 6  years postmenopause, 
regardless of hormone therapy status [166].

When exercise is applied five or more years 
postmenopause, the effects of estrogen with-
drawal pose less of a confound because the skel-
eton has adapted to a lower level of circulating 
estrogen. Resistance training programs for a 
duration of 9–24  months in estrogen-depleted 
postmenopausal women have consistently been 
associated with a maintenance or small increase 
in bone mass compared to losses in controls at 
the whole body [46], lumbar spine [46, 48, 167–
170], proximal femur [31, 48, 168, 169], calca-
neus [169], and radius [31], although some 
exceptions exist [171–173]. Overall, meta- 
analyses of moderate-intensity resistance train-
ing interventions for bone have concluded that 
there is a positive but mild effect of exercise on 
BMD postmenopause [50, 174, 175]. A meta- 
analysis of high-intensity resistance training 
found a significant positive effect on spine bone 
mass of postmenopausal women, but inconsistent 
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Fig. 11.2 Changes in hip BMD over 24 months in inter-
collegiate gymnasts (n = 8). The dagger represents signifi-
cant quartic seasonal trends for repeated increases and 
decreases in hip BMD at the femoral neck and trochanter 
(p = 0.03). Black bars indicate the timing of the competi-
tive training seasons. Data are expressed as 
mean ± SEM. BMD bone mineral density, SEM standard 
error of the mean. (Reprinted from Snow et al. [160]. With 
permission from Springer Nature)
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effects at the femoral neck [176]. Significant 
changes at the hip were observed only in trials 
that excluded women on hormone therapy, and in 
these trials exercise effects were more pro-
nounced with calcium supplementation and in 
women with low initial values. Weight-bearing 
aerobic or impact exercise interventions of 
7–30 months’ duration are also generally associ-
ated with increases or maintenance of bone mass 
compared to losses in controls at the whole body 
[46, 177], lumbar spine [34, 47, 177–179], proxi-
mal femur [46, 177, 180], radius [179], and cal-
caneus [181, 182].

As observed in other age groups, lower inten-
sity activities typically do not promote bone gain 
or prevent loss in postmenopausal women. A 
12-month, 5 day/week, 45-minute moderate- 
intensity aerobic exercise intervention did not 
provide sufficient overload to improve bone 
mass of obese postmenopausal women [183]. 
Similarly, 12  months of unloaded exercise in 
waist-deep water did not prevent spine bone loss 
or improve femoral bone mass in osteoporotic 
women, despite changes in other functional fit-
ness parameters [184]. There is general agree-
ment that walking alone is not an effective 
strategy for osteoporosis prevention in post-
menopausal women [185], although walking 
remains the most popular recommended form of 
exercise in adults and is still mistakenly referred 
to as a form of weight-bearing exercise that pre-
vents osteoporosis. One exception comes from a 
study that found that 7 months of walking 3 day/
week at walking speeds equivalent to those 
reached in race walking (>4.5 mph) increased 
lumbar spine bone mass in postmenopausal 
women [47], which far exceeds typical walking 
speeds. The increased muscular forces associ-
ated with arm movements required for walking 
at high speeds combined with lower initial bone 
mass values might explain this isolated positive 
finding.

There has been an understandable reluctance 
from investigators to test the effect of high load 
magnitudes in patients with osteopenia or osteo-
porosis, despite their known osteogenic potential 
from animal studies, for fear of causing fracture. 
A recent novel study that combined supervised 

high-intensity resistance and impact training 
(HiRIT) in an 8-month, twice-weekly, 30-minute 
intervention for postmenopausal women with 
low to very low bone mass reported notable 
improvement at the spine and a maintenance 
effect at the femoral neck, with no injuries or ver-
tebral deformities [30]. Notable improvements in 
functional performance outcomes related to risk 
of falls and fracture were also observed, suggest-
ing that this relatively low-duration but high-
intensity exercise program might be a potent 
exercise intervention for older women at risk of 
osteoporotic fracture (Fig. 11.3). Those findings 
suggest that previous recommendations for post-
menopausal osteoporosis exercise prescription 
have been unnecessarily conservative.

As the skeletal sites most vulnerable to osteo-
porotic fracture are primarily composed of tra-
becular bone, cortical bone is often ignored in 
research trials. As long bone fractures do occur at 
cortical sites in osteoporotic individuals, an 
observation that both resistance and agility train-
ing increased cortical bone density in elderly 
osteopenic women is of clinical relevance [186]. 
Others have reported maintenance of tibial shaft 
bone strength index in the absence of substantial 
changes in femoral neck bone mass to a greater 
extent in elderly women performing 1  year of 
resistance and balance-jumping training than in 
controls [187].

Unfortunately, high-magnitude loading is not 
appropriate for all individuals who may have 
contraindications or physical limitations that pre-
clude resistance, impact, or high-intensity 
weight-bearing aerobic training. Lower magni-
tude loading may be osteogenic if applied at high 
enough rate and/or frequency (roughly 30  Hz) 
and presents an alternative to higher intensity 
exercise. While the active sustained application 
of loads at frequencies higher than 2–3 Hz is not 
physically possible for most, whole-body vibra-
tion (WBV) devices have been developed, which 
can apply passive, low-magnitude loads at osteo-
genic frequencies. Preliminary findings of the 
effectiveness of WBV to enhance bone strength 
are mixed and warrant continued exploration 
[188–194]; however, as WBV is primarily a pas-
sive rather than active stimulus, it cannot strictly 
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be defined as a mode of exercise and will not be 
discussed further.

Frequency of exercise bouts per week may 
influence the bone response. A retrospective anal-
ysis of a 12-year study of exercise for bone con-
cluded that at least two sessions per week were 
required to stimulate positive changes in spine and 
hip BMD in postmenopausal women with osteo-
penia [195]. The length of participation in weight-

bearing exercise may be an important consideration 
for exercise programming in older adults. For 
example, although no change in femoral neck 
bone mass was observed in postmenopausal 
women following 9 months of jumping plus resis-
tance exercise wearing weighted vests [196], 
5 years of participation in the  program prevented 
bone loss of more than 4% at the hip [35] 
(Fig. 11.4).

a

b

Fig. 11.3 Eight-month 
change (±SE) in (a) 
bone and (b) physical 
performance for HiRIT 
and CON (control) 
following an 8-month 
exercise intervention in 
postmenopausal women 
with low bone mass 
(n = 101). BES back 
extensor strength, BMD 
bone mineral density, 
BUA broadband 
ultrasound attenuation, 
FN femoral neck, FRT 
functional reach test, 
FTSTS five times 
sit-to-stand, LES leg 
extensor strength, LS 
lumbar spine, SI 
stiffness index, SOS 
speed of sound, TUGT 
Timed Up-and-Go Test, 
VJ vertical jump. 
Asterisk (∗) indicates 
between-group 
difference (p < 0.05). 
(Reprinted from Watson 
et al. [30]. With 
permission from John 
Wiley & Sons, Inc.)
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Given the importance of site specificity, it is 
not surprising that weight-bearing exercise does 
not increase forearm bone mass in postmeno-
pausal women [46, 71]. In fact, some have sug-
gested that upper body bone mass may suffer at 
the expense of lower body bone mass in female 
runners [197]. For those at risk of Colles’ (distal 
forearm) fractures, however, it is encouraging to 
observe that upper extremity loading of high rate 
and magnitude stimulated higher forearm bone 
density in osteoporotic, postmenopausal women 
after only 5 months [198, 199].

 Exercise Interventions in Young  
Adult Men
Although there have been few longitudinal stud-
ies involving young men, the response of the 
male skeleton to exercise appears to be similar to 
that of same-aged women.

Basic military training has served as an oppor-
tune model to observe the effect of brief, high- 
intensity, physical training interventions. After 
14  weeks of basic training, male army recruits 
have been observed to improve calcaneal strength 
[200] and increase leg bone mass by around 12%, 
with those having the lowest initial bone mass 
gaining the greatest amount from training [127, 
201]. Recruits who temporarily stopped training 
due to stress fracture also gained bone mass, but 
to a lesser degree (5%), suggesting that most 
recruits adapted to the high-intensity training 
stimulus to some extent; however, that adaptation 
was insufficient in some individuals to overcome 
the weakening effect of load-related bone tissue 
damage in the initial stages of training. Curiously, 
10% of recruits lost bone mass. The latter effect 
not only may be related to measurement error but 
also may be a function of incomplete adaptive 
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Fig. 11.4 Percent changes in BMD at the femoral neck, 
trochanter, and total hip in exercisers and controls after 
5  years. Changes for exercisers were 1.54%  +  2.37% 
(CI = −3.9% to 7.0%) at the femoral neck, −0.24% + 1.02% 
(CI  =  −2.6% to 2.1%) at the trochanter, 
and − 0.82% + 1.04% (CI = −3.2% to 1.6%) at the total 
hip, whereas controls decreased 4.43%  +  0.93% 
(CI  =  −6.6% to −2.3%) at the femoral neck, 

3.43% + 1.09% (CI = −5.9% to −0.92%) at the trochanter, 
and 3.80 + 1.03 (CI = −6.2% to −1.4%) at the total hip. 
Decreases in controls are significantly different from zero 
(unpaired t tests). Data are presented as means + 
SEM. BMD bone mineral density, CI confidence interval, 
SEM standard error of the mean. (Reprinted from Snow 
et al. [35]. With permission from Oxford University Press)
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remodeling owing to the short observation period 
(bone resorption not yet matched by formation).

The influence of training intensity on bone 
response becomes evident when findings from 
army trials are compared with those of recre-
ational athletes. In contrast to recruits, men aged 
25–52  years failed to gain bone at the spine, 
humerus, femur, calcaneus, or forearm following 
3 months of either walking (3 km, 5 days a week) 
or running (5 km, 3 days a week) [135]. The dis-
parity of findings likely reflects the novelty of 
loading and higher load magnitudes experienced 
during basic training, and the youth of the army 
recruits. The only other young male exercise 
intervention to have been reported involved 
9 months of marathon training. The investigators 
observed significantly higher calcaneal bone 
mass in the runners than nonrunners with a posi-
tive association between average distance run 
and percent change in bone mass [182].

A 7.8-year longitudinal study of young 
Caucasian men (mean age = 17 years) measured 
change in bone mass over time according to the 
change in level of activity [182, 202]. The inves-
tigators reported those men who stayed active 
gained bone mass, while those who ceased activ-
ity lost bone mass at the hip but remained signifi-
cantly higher than inactive controls at final 
follow-up. The study is an illustration of the abil-
ity of exercise to potentiate male peak bone mass 
even in the very final stages of skeletal growth.

 Exercise Interventions in Older  
Adult Men
There are few reports of exercise interventions with 
older men, although more have been published in 
recent years and others are underway [203]. A 2013 
systematic review identified eight relevant trials, of 
which five scored less than 50% on the Delphi 
quality rating scale. The authors concluded that 
methodological heterogeneity limited the strength 
of conclusions from their review but that, in gen-
eral, six interventions produced positive effects and 
two had no effect on BMD [204].

The effects of 6  months of either a high- 
intensity, standing, free-weight program or a 
moderate-intensity, seated, resistance training 
program on bone mass have been examined in 

older men and women [29]. High-intensity train-
ing increased lumbar spine BMD by 2% in the 
men (mean age = 54.6 years), whereas moderate- 
intensity training induced no change. Relative to 
a control period, increased bone mass was 
observed at the greater trochanter regardless of 
training intensity. More recently, a 12-month, 
within-subject unilateral high impact exercise 
intervention (hopping) was utilized to control the 
confounding effect of lifestyle variables on bone 
in men aged 69.9 ± 4.0 years [205]. Femoral neck 
BMD and cross-sectional area increased in the 
exercise leg to a small degree (0.7% and 1.2%, 
respectively) compared to losses in the control 
leg (−0.9% and − 1.2%), but between limb dif-
ferences were not significant. Section modulus, 
however, increased significantly in the exercise 
leg, suggesting a clinically meaningful effect of 
the impact activity on femoral neck strength 
[205]. Additional computed tomographic (CT) 
analysis of bone changes confirmed that the fem-
oral neck underwent positive geometric adapta-
tions to the hopping intervention [206]. A 
9-month study of men aged 50–74 years found 
minimal effect of four sessions/week upper body 
resistance exercise and impact-loading on BMD, 
although a tendency for greater efficacy was 
observed in men completing 80 jumps per ses-
sion versus 40 [207]. An RCT of physically active 
osteopenic men (44  ±  2  years) found that 
6 months of resistance or jump training increased 
WB and LS BMD but that only resistance train-
ing increased total hip BMD [208].

 Summary of Exercise Effects  
Across the Life Span

Evidence from exercise interventions longer than 
6 months suggests that activities of high magni-
tude and rate of loading improve bone mass and 
geometry in children and adults of both sexes. 
While gains may be maintained if achieved dur-
ing the growing years, exercise-induced bone 
gain in adulthood will likely be lost if exercise is 
discontinued. Effective activities include jump-
ing and high-intensity weight training, with resis-
tance training being more effective at the spine 
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and impact loading more beneficial for the hip. 
Although walking and other low-intensity exer-
cises are unlikely to be substantially effective as 
an intervention strategy, a lifetime of walking 
may reduce the risk of fractures in later life [152].

 Calcium and Exercise

The permissive action of calcium in enhancing the 
effect of exercise on bone mass is somewhat con-
troversial. In a review of 17 trials, Specker [209] 
concluded that an intake of 1000 mg/day of cal-
cium is necessary in order to observe a  skeletal 
response to exercise. Specifically, the evidence 
suggests that the combination of calcium supple-
mentation and exercise is more effective for a bone 
response in children [93, 210, 211], adolescents 
[212], and postmenopausal women than calcium 
supplementation alone [34, 45, 213]. Nevertheless, 
a recent cross-sectional study of 422 women found 
that even though high levels of physical activity 
and calcium intake were associated with a higher 
total body bone mass than low activity levels and 
low calcium intake, there was no significant inter-
action between exercise and calcium [115]. 
Furthermore, 2  years of combined aerobics and 
weight training increased bone mass in young 
women, but calcium supplementation neither 
enhanced the exercise benefit nor improved bone 
mass in the absence of exercise [157].

Although exercise likely provides a greater 
stimulus to bone than calcium, at least in older 
children and adults, adequate calcium intake is 
recommended, particularly in children, to avoid 
the negative impact of calcium insufficiency on 
bone health and to provide the building blocks 
for exercise-induced gains in bone mass.

 Hormone Response to Intense 
Exercise

 Women

Exercise-associated amenorrhea occurs in some 
premenopausal women who train at high exercise 
intensities. While low body fat was once thought 

to precipitate exercise-associated amenorrhea, it 
is now thought that reduced energy availability 
disrupts the hypothalamic–pituitary–thyroid axis 
[214] and ultimately circulating reproductive 
hormones. The effect of reduced energy avail-
ability on bone resorption and formation markers 
is well documented [215]. The reduction in estro-
gen provides the link between exercise- associated 
amenorrhea and bone loss [134, 216, 217]. The 
Female Athlete Triad describes the combined 
conditions of excessive dietary restraint, repro-
ductive hormone disturbance, and bone loss in 
female athletes, that is more prevalent among 
athletes who perceive that their performance ben-
efits from having a low body weight.

The question of whether the Triad should be 
considered a pathological or even psychopatha-
logical condition has recently become conten-
tious [218–220]. What is generally accepted is 
that in all but cases of extreme (high magnitude) 
loading, the positive effect of exercise on bone 
rarely offsets the negative effects of inadequate 
energy availability during high-intensity, high- 
volume exercise training. To illustrate, gymnasts 
load their skeletons at very high magnitudes and 
rates, and thus, despite a high prevalence of men-
strual disturbance, have bone mass well above 
normal [221]. Long distance runners, on the other 
hand, who load their skeletons at much lower 
magnitudes and rates are not protected from 
estrogen-related bone loss. Although there are 
individual differences, the loss of bone mass in 
amenorrheic distance runners increases their risk 
of stress fracture and premature osteoporosis 
compared with their eumenorrheic running coun-
terparts [222]. Loucks and Heath suggest that 
exercise-associated amenorrhea may be pre-
vented or reversed by increasing energy con-
sumption, without alterations in training [223].

There is some suggestion that oral contracep-
tives (OCs) may offset bone loss in athletes with 
menstrual dysfunction, but there are insufficient 
data to fully corroborate the effect [224]. Keen 
and Drinkwater [225] reported that initiating OC 
use approximately 8 years after the onset of ath-
letic oligo- or amenorrhea did not improve bone 
mass, concluding that intervention should begin 
at the onset of dysfunction in order to prevent 
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significant loss but there is no evidence to directly 
support that supposition. The effect of OCs, alone 
or in combination with exercise, on bone strength 
indices remains poorly understood. In fact, for 
women aged 18–31  years, exercise alone and 
OCs alone depressed normal age-related 
increases in femoral neck mass and size, although 
the combination of exercise and OCs was slightly 
less detrimental [226]. It is likely that a complex 
interaction of factors yet to be identified will 
account for these puzzling findings.

 Men

Intense training is not associated with commen-
surately severe alterations in reproductive hor-
mones in men. Male athletes exercising at a range 
of intensities have serum concentrations of tes-
tosterone that lie within the normal range [128, 
130, 141, 227, 228], including adolescents [229]. 
In some athletes, however, a degree of subtle hor-
monal perturbation can occur. Smith and 
Rutherford [141] reported that, although in the 
normal range, serum total testosterone was sig-
nificantly lower in triathletes than in controls, but 
not rowers. Furthermore, total serum testoster-
one, nonsex hormone-binding globulin (SHBG)-
bound testosterone, and free testosterone 
concentrations in men running more than 64 km/
week averaged 83%, 69.5%, and 68.1% that of 
controls, respectively [230]. Others have simi-
larly observed that resting and free testosterone 
concentrations of trained athletes are 68.8% and 
72.6% that of controls [231]. Age may influence 
the effect as elderly endurance athletes have sig-
nificantly greater levels of SHBG than controls 
whereas younger athletes demonstrate no differ-
ences compared with controls [130, 232].

Whether hormones potentiate the effect of 
exercise on bone in men is relatively unexam-
ined. Suominen and Rahkila [130] reported a 
negative correlation between bone mass and 
SHBG in older endurance athletes but no rela-
tionship of bone mass with testosterone. 
Furthermore, the addition of self-administered 
anabolic steroids (testosterone: 193.75 ± 147.82 
mg/week) to high-intensity body-building train-

ing does not stimulate greater osteoblastic activ-
ity or bone formation than exercise alone [233]. 
Four months of progressive resistance exercise 
training 4 day/week, with or without growth hor-
mone supplementation, did not significantly 
increase whole body, spine, or proximal femur 
bone mass in elderly men (mean age = 67 years) 
with normal bone mass [234]. Similarly, the 
addition of recombinant human growth hormone 
to 6  months of resistance exercise training 
induced no change in bone mass of older men 
[235, 236].

 Osteoporotic Fracture and Falls

 Fracture and Exercise

Fractures are a relatively uncommon event, to the 
extent that the sample size needed to adequately 
power a trial with fractures as a primary endpoint 
(almost 15,000 for a two-arm exercise trial of 
European women) has been suggested to far 
exceed the available funding and resources to 
support such an effort [153]. Those prohibitive 
figures notwithstanding, one 30-month random-
ized controlled trial of high-impact exercise in 
160 elderly women with low bone mass reported 
a lower incidence of fall-related fractures among 
exercisers (6) compared to controls (16), despite 
minimal effects on hip bone mass [27]. While 
numbers were low, significance was reached in 
the between-group comparison. Very long-term 
follow-up of controlled trials is an alternative 
approach for tracking fracture incidence, but 
since many men and women at risk for fracture 
are prescribed antiresorptive therapy, even those 
types of investigations are problematic. For this 
reason, the definitive exercise and fracture trial 
are unlikely to ever be conducted. A number of 
surrogate analyses have been reported, however, 
and will be discussed.

In general, the literature supports a protective 
effect of physical activity on the risk of fracture, 
especially at the hip [237–240]. Two studies that 
tracked fractures over a prolonged period of exer-
cise [241] or over a follow-up period after com-
pletion of an exercise intervention [242] suggest a 
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protective effect of exercise against fracture. The 
incidence of vertebral fractures was lower (1.6%) 
8 years after a 2-year back extension exercise pro-
gram compared to controls (4.3%) [242]. Original 
exercisers had better back extension strength at 
follow-up and a 2.7 lower relative risk of vertebral 
compression fracture than controls [243]. A 
5-year follow-up of a 1-year exercise RCT of 
resistance and/or balance and jumping training 
reported 51% fewer injurious falls and 74% fewer 
fractures among persons assigned to the com-
bined training group [244]. A 16-year follow-up 
of the Erlangen Fitness and Osteoporosis 
Prevention study in 105 early  postmenopausal 
women reported an overall reduction in relative 
risk of low trauma fractures of 49% [245]. The 
results of a meta-analysis of 13 controlled exer-
cise trials with fracture endpoints indicate a 51% 
reduction in overall fracture risk and a non-signif-
icant 44% reduction in vertebral fracture risk 
[243]. Therefore, despite something of a vacuum 
of direct RCT evidence for the ability of exercise 
to prevent osteoporotic fracture, there is an 
increasingly smoking gun.

 Falls and Exercise

Falls are the cause of almost 90% of hip fractures 
[246–248]. As previously indicated, exercise can 
affect both the numerator and denominator of the 
factor of risk. Discussion thus far has focused on 
exercise as a means of altering the denominator 
of the factor of risk, that is, on increasing fracture 
load by improving parameters of bone strength. 
However, exercise can also reduce the numerator 
by preventing falls entirely.

Risk factors for falls are numerous, and some 
can be modified by exercise. Lateral instability, 
muscle weakness of the lower extremities, and 
poor gait have been found to independently pre-
dict hip fracture and falls [249–252]. Impaired 
balance is similarly related to incidence of verte-
bral fracture [253]. In the Study of Osteoporotic 
Fractures in Men, men in the upper quartile of leg 
power and grip strength had an 18–24% lower 
risk of falls compared with men in the lowest 
quartile [254]. Since exercise promotes and 

maintains muscle strength, balance, and mobility, 
it is an intuitive strategy for reducing osteoporosis- 
related fractures [255, 256]. The general findings 
and principles of fall prevention exercise will be 
summarized, but this broad topic is otherwise 
beyond the scope of this chapter.

Improvements in neuromuscular function 
resulting from low-intensity exercise, including 
water-based exercise [187, 257, 258], while not 
osteogenic, may likewise be efficacious for fall 
and fracture prevention but minimal direct evi-
dence is available. Data from the FICSIT (Frailty 
and Injuries: Cooperative Studies of Intervention 
Techniques) trials indicate that activities that are 
most beneficial for reducing incidence of falls 
include those that result in muscle strength gains 
and dynamic balance improvements [259]. In 
fact, muscle strengthening and balance training 
have been demonstrated to reduce extra-skeletal 
risk factors for hip fracture in elderly men and 
women [260, 261] and overall risk of falling by 
as much as 75% [261, 262]. On the other hand, 
improvements in strength and balance have been 
reported in elderly women in the absence of 
change in incidence of falls after 12 months of 
exercise that included resistance [263]. A similar 
null effect on falls was observed after an individ-
ualized prevention program that included exer-
cise [264]. Community-based trials report a 
reduction in falls among the elderly who partici-
pated in group exercise in both community- 
dwelling [265] and retirement home [266] 
settings. A multifactorial exercise intervention 
involving muscle building plus walking reduced 
injurious and noninjurious falls by 40% in elderly 
women [267]. The study required home visits by 
physical therapists and it was not clear which 
component of the program, muscle building, 
walking, or the two combined, was most potent 
for reducing falls, but this limitation may be irrel-
evant in practice.

A 2011 meta-analysis of 54 studies reporting 
the effect of exercise on falls in older adults con-
cluded high-dose (minimum of 2 hours per week) 
exercise programs that included moderate to high 
challenge balance training most effectively 
reduced falls and that high-risk individuals should 
not be prescribed walking [268]. A second, more 
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selective, meta-analysis in 2013, including 12 
studies specifically measuring the effect of exer-
cise on falls, similarly reported a protective effect 
that was strongest when different forms of exer-
cise were combined for at least 1 month, two to 
three times per week, but that the effect did not 
translate to a reduction in fractures [269]. Based 
on the findings of those works, highly specific 
exercise recommendations for the prevention of 
falls through exercise are now available [270].

Sadly, the fall-reducing benefit of exercise 
may not extend to the very frail elderly [271–
274], despite improvements in fall risk factors 
and physical function [271, 273]. Trends toward 
lower falls among exercisers, however, were 
apparent in studies of longer duration [273, 274], 
suggesting that a longer period of adaptation 
might be required to detect protective effects in 
this population. In practice, other fall prevention 
approaches (e.g., environmental modification, 
polypharmacy, visual health) should be imple-
mented when training starts.

 Recommendations: Exercise 
Prescription

 Position Statements—
Recommendations Based  
on Human Data

Based on the best evidence to date, recently 
Exercise and Sports Science Australia (ESSA) 
published a Position Statement on exercise for 
osteoporosis [275] with the recommendations 
tailored to low-, moderate-, and high-risk indi-
viduals in terms of risk for osteoporotic fracture. 
All groups are recommended to engage in a vari-
ety of weight-bearing impact, progressive resis-
tance, and balance training with the degree of 
intensity and supervision appropriate to capacity. 
Prolonged immobilization and bed rest should be 
avoided at all costs, given the very negative effect 
of unloading on bone mass and the limited ability 
to fully regain losses with remobilization.

High-magnitude (impact) activities, recom-
mended for increasing bone mass of the young 
and/or uncompromised adult skeleton, may 

require modification for people who are frail and/
or have comorbid conditions such as osteoarthri-
tis. In the frail elderly population, particular care 
must be taken to maintain a balance between 
safety and efficacy, since an exercise intervention 
itself presents not only the potential for skeletal 
and neuromuscular benefit, but also an increased 
risk of fracture by virtue of increased opportuni-
ties for falling because of moving more. 
Osteoporotic individuals, with or without a his-
tory of vertebral compression fractures, should 
not engage in deep forward trunk flexion exer-
cises such as rowing, toe touching, and full sit- 
ups. Before initiating a program of high intensity, 
elderly individuals should consider a bone den-
sity evaluation. Any individual undertaking a new 
program should begin slowly with careful atten-
tion to exercise form and appropriate progres-
sions. Exercises that produce severe joint pain or 
muscle soreness of more than 3 days should be 
discontinued until exercise of lower intensity can 
be tolerated.

 Future Research

The large body of research data notwithstanding, 
in fact it is not yet possible to unreservedly claim 
that exercise will prevent osteoporotic fracture. 
As Karlsson has stated, much of the research has 
been “hypothesis generating” rather than 
“hypothesis testing” [276]—a consequence of 
the confounding challenges associated with exer-
cise RCTs and the protracted nature of follow-up 
required to compare real fracture rates between 
exercise and control groups. Indeed, while much 
has been achieved in our understanding of the use 
of exercise for the prevention of age-related frac-
tures, many questions and challenges remain. For 
instance, we know little about the relative impor-
tance of endocrine and genetic factors and how 
they may moderate the bone response to exercise 
across the life span. It is likely that the complex 
interplay of genetics, nutrition, hormone status, 
and even a degree of central control [277] 
accounts for much that remains unexplained 
about the bone response to exercise. That 
mechanical loading cannot entirely prevent spi-
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nal cord injury-related bone loss [4] is testament 
to the presence of influences yet to be explained.

Thus, while the power law model incorporat-
ing load magnitude and the number of repetitions 
of Whalen and colleagues [278], the Osteogenic 
Index of Turner and Robling [61], and the recent 
highly successful LIFTMOR (Lifting Intervention 
For Training Muscle and Osteoporosis 
Rehabilitation) trial [30] have moved us forward 
in our ability to test and/or form conclusions 
from exercise regimes for bone health, an optimal 
and precise exercise prescription for all remains 
elusive. The challenge remains to identify a 
means by which  optimal overload can be deter-
mined in order to safely stimulate a positive bone 
response. The complex interplay of dose (load 
magnitude and rate), cycle number, and duration 
must be elucidated in human models. Only then 
can we customize exercise prescription for bone 
with confidence.

Finally, it is important to consider the issue of 
compliance. The commitment to regular exercise 
of any kind, much less the highly specific form 
required to effect change in bone, is challenging 
for most individuals. Compliance, even with 
study protocols when volunteers often have 
access to state-of-the-art facilities and personnel 
to encourage and support their efforts, is rou-
tinely disappointing. For example, compliance of 
a mere 17.8% was reported for an 18-month, 
home-based, exercise program for the prevention 
of postmenopausal osteoporosis, primarily due to 
lack of motivation [279]. A highly targeted multi-
modal exercise intervention in the community 
produced very modest gains in BMD, potentially 
a reflection of relatively poor compliance and a 
high rate of injuries [280]. Few maintain a life-
long exercise routine, and those who do are 
unlikely to vary their regime the extent required 
to stimulate ongoing bone adaptation. In reality, 
the greatest challenge for bone physiologists may 
not be the identification of the optimal exercise 
program, but the engagement of the community 
to adopt effective programs. The ultimate ques-
tion then remains whether or not an efficacious 
intervention that cannot be widely implemented 
is the best “recommended” exercise prescription 
or if recommendations should be tailored to the 

audience. For example, exercise professionals 
who may train clients with goals to avoid osteo-
porosis need evidence-based programs and are 
more likely to successfully implement an effec-
tive program with a single client or small group. 
On the other hand, the general public may benefit 
and respond more to recommendations to avoid 
inactivity and engage in weight-bearing exercise 
to limit bone loss related to prolonged unloading 
from sitting and minimal effective loading from 
non-weight-bearing activity.

 Conclusions

Regular physical activity has the potential to 
reduce the risk of osteoporosis and fragility frac-
tures by (1) optimizing peak bone mass, (2) 
enhancing, slowing, or preventing loss in adult 
bone, and (3) reducing falls. As bone responds to 
the same stimuli throughout life, exercise pre-
scription for the prevention of osteoporosis- 
related fractures is likely to differ across the life 
span only in terms of delivery. That is, as indi-
viduals get older, modest introductory loading 
with conservative progressions and increasing 
supervision are likely to lead to better outcomes 
while ensuring safety.

Exercise will only affect bones that are loaded 
during the activity. Bone requires substantial 
overload for prolonged durations for positive 
adaptations to be observed. With the possible 
exception of the pediatric population, bone gains 
will likely be lost if a stimulating exercise is dis-
continued. Individuals with the weakest bones 
can expect the greatest improvements from initi-
ating exercise. Exercise is most efficacious when 
accompanied by adequate nutrition, particularly 
calcium.

Exercises that are most or least likely to sub-
stantially alter bone mass and prevent falls can be 
identified with relative certainty. Development of 
individualized and population-specific exercise 
prescription across the life span is more challeng-
ing. Issues such as determining actual bone strain 
exposure during activity, optimal dose response, 
safety, and the interaction of exercise with phar-
macology remain opportunities for future 
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research. It will be important to determine the 
degree to which exercise-invoked improvements 
in bone strength and falls prevention will trans-
late to a reduction in incidence of fracture.
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Effects of Estrogens and SERMs 
on Bone Metabolism:  
Clinical Aspects

Bart L. Clarke

 Introduction

This chapter will focus on clinical aspects of 
estrogens and selective estrogen receptor modu-
lators (SERMs) on bone metabolism. Estrogens 
and SERMs exert their actions on the skeleton by 
binding to estrogen receptors and causing down-
stream signaling activity, with variable tissue 
selectivity. Estrogens and SERMs, which interact 

with both ERα and ERβ in a tissue-specific man-
ner to produce diverse outcomes in multiple tis-
sues, continue to generate significant interest for 
clinical application in osteoporosis and other 
disorders.

 Estrogens

Estrogens were initially prescribed to prevent 
bone loss and treat osteoporosis based on obser-
vational trials of estrogen effects on the skeleton 
in healthy women. Many years of investigation 
led to an improved understanding of the normal 
female menstrual cycle and skeletal changes that 
occur after menopause with estrogen deficiency.

 Normal Menstrual Cycle

The normal menstrual cycle occurs due to com-
plex interplay between tissues in the multiorgan 
female reproductive system involving the hypo-
thalamus, pituitary gland, ovaries, uterus, includ-
ing the endometrium and cervix, and vagina. 
These various organs undergo a series of cyclic 
and closely regulated events once a month in 
healthy nonpregnant females starting at men-
arche and ending with menopause. Menarche 
usually begins at age 11–13 years with the onset 
of new circadian (24  hour) and ultradian (60–
90 minute) pituitary secretion of gonadotropins, 

Key Points
• The pathophysiology of early post-

menopausal bone loss is largely caused 
by estrogen deficiency.

• Hormone or estrogen therapy prevents 
bone loss and reduces fracture risk, and 
gives other benefits, with associated 
adverse events dependent on age and 
other risk factors.

• Selective estrogen receptor modulators 
prevent bone loss and reduce fracture 
risk, while minimizing some of the risks 
of hormone or estrogen therapy, and 
giving other benefits.
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leading eventually to the maturation of a positive 
estrogen feedback loop that controls the monthly 
rhythm. Sleep-related increases in gonadotropins 
and gonadal steroids begin during puberty, per-
sist during adult life, and then gradually decline 
and eventually stop over several years during 
menopause. Menopause may occur normally as 
early as 40 years, but typically occurs at an aver-
age age of 51–52 years in the United States.

The menstrual cycle is controlled by a tightly 
regulated sequence of hormonal events that 
occurs every 28–32  days. Normal menstrual 
cycles are driven by cyclic secretion of 
gonadotropin- releasing hormone (GnRH) by the 
hypothalamus. This leads to cyclic secretion of 
luteinizing hormone (LH) and follicle stimulat-
ing hormone (FSH) by gonadotropes in the ante-
rior pituitary gland. Regular cyclic secretion of 
LH and FSH normally results in maturation of 
one ovarian follicle to a fully mature ovum each 
month, ovulation, and migration of the ovum to 
the uterine endometrium via the Fallopian tubes. 
Ovarian secretion of sex steroid hormones causes 
changes in the uterine endometrial lining that 
support implantation of the fertilized egg. If the 
ovum is not fertilized, ovarian secretion of estro-
gen and progesterone decreases over several 
days, and the endometrial lining breaks down, 
leading to the onset of menstruation.

The first day of vaginal bleeding is counted as 
the first day of the menstrual cycle, and the last 
day is counted as the day before the next men-
strual cycle starts. The duration of the median 
menstrual cycle is 28  days, but normal cycles 
may vary from 21 to 40  days. Menstrual cycle 
duration varies fairly widely in the first several 
years after menarche and in the several years 
before menopause [1]. Menstrual blood flow typ-
ically lasts 5  ±  2  days, with typical blood loss 
with each cycle ranging from 30 to 80 mL [2].

The normal menstrual cycle is categorized 
based on ovarian function into the earlier follicu-
lar, or proliferative, phase, and the later luteal, or 
secretory, phase. The follicular phase is more 
variable in duration, whereas the luteal phase 
consistently lasts about 14 days in most healthy 
women. Mature ovarian follicles are ovulated at 
the end of the follicular phase, during the transi-

tion to the luteal phase, with the ovulatory phase 
beginning one day prior to the LH surge and con-
tinuing until ovulation, which typically occurs 
16–32 hours after the surge in LH.

Serum FSH increases late in the luteal phase 
of each menstrual cycle, and remains increased 
into the early follicular phase of the next cycle, 
thereby stimulating the growth and development 
of several ovarian follicles with each cycle [3]. 
One of these follicles develops into the dominant 
follicle, but the regulatory processes guiding this 
are not well understood. Circulating FSH levels 
then gradually decrease and, and except for a 
brief small further surge during ovulation, con-
tinue to diminish throughout the remainder of the 
cycle until the late luteal phase.

Serum LH begins to increase in the late fol-
licular phase of the menstrual cycle, but in dis-
tinction to FSH, it continues to slowly increase 
throughout the follicular phase until it surges for 
1–3  days in the middle of the cycle preceding 
ovulation [3]. LH then gradually decreases to its 
lowest levels in the late luteal phase.

Both LH and FSH are released in a pulsatile 
fashion by gonadotropin-secreting cells in the 
anterior pituitary gland, timed to the pulsatile 
secretion of hypothalamic GnRH [4]. LH and 
FSH pulses usually occur over 1–4 hours, depend-
ing on the phase of the menstrual cycle [5]. LH is 
secreted least during the luteal phase, which is 
attributed to the direct feedback of progesterone 
produced by the corpus luteum of the ovary on the 
hypothalamus and pituitary gland [6].

Serum estradiol (E2), estrone (E1), and pro-
gesterone are secreted by the ovaries, along with 
other gonadal sex steroids and nonsteroidal hor-
mones. Circulating E2 levels are lowest during 
the early follicular phase and begin to increase 
about 7–8 days before the LH surge. Peak serum 
E2 levels of 250–350  pg/mL occur on the day 
before, or on the day of, the LH surge [7]. Serum 
E2 falls quickly as serum LH peaks, but it 
increases again about 6–8  days after the LH 
surge. Serum estrone (E1) levels parallel E2 lev-
els, but at lower levels. About 95% of circulating 
E2 is produced by the dominant ovarian follicle 
and corpus luteum, whereas serum E1 is pro-
duced by conversion from E2 and from periph-
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eral conversion of androstenedione produced by 
the adrenal glands.

Circulating estrogen levels produced during 
each menstrual cycle stimulate the skeleton by 
effects mediated by estrogen receptors on bone 
cells. Estrogen suppresses bone resorption by 
osteoclasts and increases bone formation by 
osteoblasts in women between puberty and 
menopause, leading to an increase in bone min-
eral density (BMD) and bone strength. Estrogen 
stimulates a marked increase in BMD over 
 several years during and after menarche, and 
BMD generally peaks at different skeletal sites 
ranging in women from 25 to 35 years. The phys-
iological effects of other hormones produced by 
the female reproductive system on the skeleton 
are not as well-defined as for estrogen.

 Effects of Estrogen on the Skeleton

Onset of estrogen and other sex steroid hormone 
secretion during menarche at age 11–13  years 
stimulates rapid skeletal mineral acquisition, as 
well as further longitudinal and radial skeletal 
growth for the next 10 years or so [8]. Women 
gain about one-third of their peak BMD within 
the 4 years around the onset of menarche [9]. The 
early pubertal rapid increase in BMD is followed 
by further slower increases in BMD and consoli-
dation of skeletal mineral content during the late 
second and early third decades, until peak BMD 
is achieved at around age 25–30 years [10–12].

Estrogen plays a major role in regulating the 
acquisition and loss of bone by the skeleton from 
menarche through senescence [13]. Onset of 
estrogen secretion, among other gonadal sex ste-
roids, during puberty is the major factor respon-
sible for skeletal longitudinal and radial growth, 
as well as significant gain in BMD, until peak 
BMD is achieved in the third decade, as well as 
fusing the epiphyses in the late teenage years, 
leading to cessation of longitudinal growth [14]. 
Estrogen then helps maintain peak bone density 
at this peak level until menopause, including dur-
ing the transient changes in skeletal mineral con-
tent associated with pregnancy and lactation [15]. 
At menopause, decreased estrogen and other 

gonadal sex steroid production normally leads to 
relatively rapid bone loss in most women [16]. 
The most rapid bone loss associated with 
decreased estrogen levels occurs in the first 
8–10  years after menopause, with slower age- 
related bone loss occurring throughout remaining 
years of life [17]. Age-related bone loss in women 
after the early menopausal phase of bone loss is 
caused by ongoing estrogen and other gonadal 
sex steroid deficiency, vitamin D deficiency, and 
secondary hyperparathyroidism [18, 19]. Other 
factors also contribute to age-related bone loss 
and osteoporosis, including intrinsic defects in 
osteoblast function [20], impairment of the 
growth hormone (GH)/insulin-like growth factor 
(IGF) axis, age-associated sarcopenia [21], 
changes associated with senescence including 
telomere shortening [22–24], and a host of other 
secondary causes. Further understanding of the 
relative contributions of estrogen and each of the 
other factors to development and maintenance of 
the female skeleton, bone loss, and fracture risk 
will lead to improved hormonal and other 
approaches for prevention and treatment of 
osteoporosis.

 Clinical Trials of Hormone Therapy 
for Osteoporosis

 Women’s Health Initiative Estrogen 
Plus Progestin Trial
The Women’s Health Initiative (WHI) was an 
NIH-funded long-term study that evaluated mul-
tiple factors governing health in women with 
aging. One component of this study was a ran-
domized controlled clinical trial that tried to 
determine the balance of risks and benefits of 
hormone use in healthy postmenopausal women 
in the United States [25]. Decades of observa-
tional studies had suggested skeletal benefit from 
hormone therapy, but lingering doubts persisted 
that hormone therapy might be harmful to at least 
some postmenopausal women. The study was 
designed to assess the major health benefits and 
risks of the most commonly used combined hor-
mone preparation in the United States. at that 
time. The estrogen plus progestin component of 
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the WHI was a randomized controlled primary 
prevention trial of planned duration of 8.5 years 
in which 16,608 postmenopausal women aged 
50–79 years with an intact uterus at baseline were 
recruited by 40 US clinical centers from 1993 to 
1998. Participants received conjugated equine 
estrogens 0.625  mg and medroxyprogesterone 
acetate 2.5 mg in the same tablet (n = 8506) or 
placebo (n = 8102) each day. The primary out-
come was coronary heart disease (CHD), includ-
ing nonfatal myocardial infarction and CHD 
death, with invasive breast cancer the primary 
adverse outcome. A global index summarizing 
the balance of risks and benefits included the two 
primary outcomes plus stroke, pulmonary embo-
lism (PE), endometrial cancer, colorectal cancer, 
hip fracture, and death due to other causes.

After a mean follow-up of 5.2 years, the data 
and safety monitoring board recommended stop-
ping the WHI trial of estrogen plus progestin ver-
sus placebo because the test statistic for invasive 
breast cancer exceeded the stopping boundary for 
this adverse effect, and the global index statistic 
supported risks exceeding benefits. The estimated 
hazard ratios (HRs) (nominal 95% confidence 
intervals [CIs]) showed increased risk of CHD, 
1.29 (1.02–1.63) with 286 cases; breast cancer, 
1.26 (1.00–1.59) with 290 cases; stroke, 1.41 
(1.07–1.85) with 212 cases; PE, 2.13 (1.39–3.25) 
with 101 cases; colorectal cancer, 0.63 (0.43–
0.92) with 112 cases; endometrial cancer, 0.83 
(0.47–1.47) with 47 cases; hip fracture, 0.66 
(0.45–0.98) with 106 cases; and death due to 
other causes, 0.92 (0.74–1.14) with 331 cases 
(Fig.  12.1). Corresponding HRs (nominal 95% 
CIs) for the composite outcomes were 1.22 
(1.09–1.36) for total cardiovascular disease (arte-
rial and venous disease), 1.03 (0.90–1.17) for 
total cancer, 0.76 (0.69–0.85) for combined frac-
tures, 0.98 (0.82–1.18) for total mortality, and 
1.15 (1.03–1.28) for the global index. Absolute 
excess risks per 10,000 person years attributable 
to estrogen plus progestin were seven more CHD 
events, eight more strokes, eight more PEs, and 
eight more invasive breast cancers, while abso-
lute risk reductions per 10,000 person years were 
six fewer colorectal cancers and five fewer hip 

fractures. The absolute excess risk of events 
included in the global index was 19/10,000 per-
son years. Even though this study convincingly 
showed fracture reduction, the weight of evi-
dence suggested that harm from hormone therapy 
outweighed benefit.

The Women’s Health Initiative Estrogen Plus 
Progestin Trial was further assessed to determine 
whether the relative risk reduction of estrogen 
plus progestin on fractures differed according to 
risk factors for fracture [26]. The main outcome 
measures were all confirmed osteoporotic frac-
ture events that occurred from enrollment until 
discontinuation of the trial on July 7, 2002; 
BMD, measured in a subset of women (n = 1024) 
at baseline and years 1 and 3; and a global index, 
developed to summarize the balance of risks and 
benefits to test whether the risk-benefit profile 
differed across tertiles of fracture risk. A total of 
733 women (8.6%) in the estrogen plus proges-
tin group and 896 women (11.1%) in the placebo 
group experienced a fracture (hazard ratio [HR], 
0.76; 95% confidence interval [CI], 0.69–0.83). 
The protective effect did not differ in women 
stratified by age, body mass index, smoking sta-
tus, history of falls, personal and family history 
of fracture, total calcium intake, past use of hor-
mone therapy, BMD, or summary fracture risk 
score. Total hip BMD increased 3.7% after 
3 years of treatment with estrogen plus progestin 
compared with 0.14% in the placebo group 
(P  <  0.001). The HR for the global index was 
similar across tertiles of the fracture risk scale 
(lowest fracture risk tertile, HR, 1.20; 95% CI, 
0.93–1.58; middle tertile, HR, 1.23; 95% CI, 
1.04–1.46; highest tertile, HR, 1.03; 95% CI, 
0.88–1.24) (P for interaction = 0.54). This study 
concluded that estrogen plus progestin increased 
BMD and reduced fracture risk in healthy post-
menopausal women. The decreased risk of frac-
ture attributed to estrogen plus progestin 
appeared to be present in all subgroups of women 
examined. When considering the effects of hor-
mone therapy on other important disease out-
comes in a global model, there was no net 
benefit, even in women considered to be at high 
risk of fracture.
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Fig. 12.1 Kaplan–Meier estimates of cumulative hazards for selected clinical outcomes. (Reprinted from Rossouw 
et al. [25]. With permission from American Medical Association)
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 Women’s Health Initiative Estrogen- 
Alone Trial
Another component of the WHI was to assess the 
effects of estrogen therapy alone on major dis-
ease incidence rates. A randomized, double- 
blind, placebo-controlled disease prevention trial 
with estrogen alone versus placebo was con-
ducted in 40 US clinical centers beginning in 
1993 [27]. A total of 10,739 postmenopausal 
women aged 50–79  years with prior hysterec-
tomy, including 23% of minority race/ethnicity, 
were enrolled. Women were randomly assigned 
to receive either 0.625 mg of conjugated equine 
estrogen (CEE) or placebo each day. The primary 
outcome was coronary heart disease (CHD) inci-
dence, including nonfatal myocardial infarction 
or CHD death. Invasive breast cancer incidence 
was the primary safety outcome. A global index 
of risks and benefits, including these primary out-
comes plus stroke, pulmonary embolism (PE), 
colorectal cancer, hip fracture, and deaths from 
other causes, was used to summarize overall 
effects.

This WHI trial was also stopped early in 
February 2004. Estimated hazard ratios (HRs) 
(95% confidence intervals [CIs]) for CEE versus 
placebo for the major clinical outcomes (average 
follow-up 6.8  years), were CHD, 0.91 (0.75–
1.12) with 376 cases; breast cancer, 0.77 (0.59–
1.01) with 218 cases; stroke, 1.39 (1.10–1.77) 
with 276 cases; PE, 1.34 (0.87–2.06) with 85 
cases; colorectal cancer, 1.08 (0.75–1.55) with 
119 cases; and hip fracture, 0.61 (0.41–0.91) 
with 102 cases (Fig. 12.2). Corresponding results 
for composite outcomes were total cardiovascu-
lar disease, 1.12 (1.01–1.24); total cancer, 0.93 
(0.81–1.07); total fractures, 0.70 (0.63–0.79); 
total mortality, 1.04 (0.88–1.22), and the global 
index, 1.01 (0.91–1.12). For the outcomes sig-
nificantly affected by CEE, there was an absolute 
excess risk of 12 additional strokes per 10,000 
person-years and an absolute risk reduction of 6 
fewer hip fractures per 10,000 person-years. The 
estimated excess risk for all monitored events in 
the global index was a nonsignificant 2 events per 
10,000 person-years. The study concluded that 
use of CEE increased the risk of stroke, decreased 
the risk of hip fracture, and did not affect CHD 

incidence in postmenopausal women with prior 
hysterectomy over an average of 6.8 years.

 Current Status of Postmenopausal 
Hormone Therapy

After the release of the findings of the WHI post-
menopausal hormone and estrogen-alone clinical 
trials in 2002 and 2004, many postmenopausal 
women stopped taking hormone or estrogen- 
alone therapy because of their perceived increased 
risk. Follow-up analysis of the WHI trial cohorts 
in 2013 demonstrated that overall mortality 
increased beginning only after age 60 years [28]. 
As a consequence, low-dose and transdermal 
estrogen became more commonly used to treat 
vasomotor and genitourinary symptoms in post-
menopausal women in their sixth decade. 
Systemic estrogens currently used include oral 
medications, transdermal patches, sprays, or gels, 
and vaginal rings. FDA-approved indications for 
hormone or estrogen therapy include vasomotor 
symptoms, prevention of bone loss, premature 
hypoestrogenism, and genitourinary symptoms. 
The FDA currently advises use of hormone or 
estrogen therapy mainly for women in their sixth 
decade who are unable to tolerate significant hot 
flashes or other symptoms, and that hormone 
therapy should be used at the lowest dose possi-
ble for as short a time as possible.

Standard-dose hormone and estrogen therapy 
prevent bone loss in postmenopausal women by 
decreasing bone resorption and reducing bone 
remodeling [29–32]. Multiple randomized, con-
trolled trials and observational studies have 
shown that standard-dose hormone therapy pre-
vents postmenopausal osteoporotic fractures, 
including hip, vertebral, and nonvertebral frac-
tures [26, 27, 33–36]. Low-dose formulations, 
including conjugated estrogens at 0.3  mg each 
day, oral 17β-estradiol less than or equal to 
0.5 mg each day, or estradiol patch of 0.025 mg, 
and ultralow dose estradiol patch 0.014 mg, have 
not been shown to reduce fracture risk, although 
no studies have been adequately powered to show 
this. Discontinuation of treatment with hormone 
or estrogen leads to a rapid loss of benefit, but 
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there is not a rebound increase in vertebral or 
other fractures after discontinuation of treatment 
[26, 27, 37–41].

The North American Menopause Society 
(NAMS) 2017 Hormone Therapy Position 
Statement updated previous position statements, 
and identified future research needs [42]. An 
Advisory Panel of clinicians and researchers 
expert in the field of women’s health and meno-
pause reviewed the 2012 Position Statement, 
evaluated new literature, assessed the evidence, 
and reached consensus on recommendations, 
using the level of evidence to identify the strength 
of recommendations and the quality of the evi-
dence. Hormone therapy (HT) was felt to remain 
the most effective treatment for vasomotor symp-
toms (VMS) and the genitourinary syndrome of 

menopause (GSM) and shown to prevent bone 
loss and fracture. The risks of HT differed 
depending on type, dose, duration of use, route of 
administration, timing of initiation, and whether 
a progestogen is used. Treatment should be indi-
vidualized to identify the most appropriate HT 
type, dose, formulation, route of administration, 
and duration of use, using the best available evi-
dence to maximize benefits and minimize risks, 
with periodic reevaluation of the benefits and 
risks of continuing or discontinuing HT.

For women aged younger than 60  years or 
who are within 10 years of menopause onset and 
have no contraindications, the benefit–risk ratio 
is most favorable for treatment of bothersome 
VMS and for those at elevated risk for bone loss 
or fracture. For women who initiate HT more 
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than 10 or 20 years from menopause onset or are 
aged 60  years or older, the benefit–risk ratio 
appears less favorable because of the greater 
absolute risks of coronary heart disease, stroke, 
venous thromboembolism, and dementia. Longer 
durations of therapy should be for documented 
indications such as persistent VMS or bone loss, 
with shared decision making and periodic reeval-
uation. For bothersome GSM symptoms not 
relieved with over-the-counter therapies and 
without indications for use of systemic HT, low- 
dose vaginal estrogen therapy or other therapies 
were recommended. Multiple other national and 
international professional organizations and soci-
eties, including the US Endocrine Society [43], 
American Association of Clinical 
Endocrinologists [44], American College of 
Physicians [45], and American College of 
Obstetrics and Gynecology [46] have given their 
own recommendations regarding HT.

 Selective Estrogen Receptor 
Modulators (SERMs)

Selective estrogen receptor modulators (SERMs) 
interact with the estrogen receptor to improve 
bone density and reduce fractures. Actions of 
SERMs are similar to estrogen in some tissues, 
but different in other tissues. Part of the variable 
effects of SERMs compared to estrogen is due to 
the fact that there are two forms of the estrogen 
receptor (ER), ERα and ERβ. Estradiol remains 
the major endogenous ligand for this receptor, 
but 27-hydroxycholesterol has been identified as 
another endogenous ligand [47].

ERα and ERβ have different structures, ligand 
affinities, tissue distributions, transcriptional 
properties, and biological roles. The presence of 
two ERs provides greater flexibility for regula-
tion of estrogen and SERM actions in different 
tissues, including the skeleton.

SERMs directly bind to ERα and/or ERβ in 
target cells and exert estrogen- or antiestrogen- 
like actions in affected tissues. These agents exert 
estrogenic benefits in certain tissues, and mini-
mize estrogenic risks in other tissues. Binding of 
an SERM to ERα and/or ERβ in the cytoplasm 

causes a conformational change in the ER, which 
results in dissociation of associated heat shock 
chaperone proteins and release of the monomeric 
receptor from the apo-ER complex. The confor-
mational change results in altered interactions 
with complexed coactivator or corepressor pro-
teins [48], with subsequent monomeric ER trans-
location from the cytoplasm to the nucleus, 
followed by dimerization with a second mono-
meric ER before binding to specific DNA 
sequences in the regulatory promoter regions of 
target genes. Homodimeric binding of the ER to 
these promoter regions causes initiation or sup-
pression of gene transcription [49].

McDonnell et al. [50] and others showed that 
a series of SERM ligands formed distinct 
ER-bound complexes, with each ligand causing 
slightly different conformational changes. X-ray 
crystallography quantitatively assessed the con-
formational changes induced by agonist or antag-
onist binding to the ER ligand binding domain 
[51]. Initial structural evidence for the antagonist- 
bound ER conformation was obtained for the 
SERM tamoxifen [52], showing that tamoxifen 
blocked ER binding to nuclear receptor cofactor 
proteins [51]. Subsequent investigation showed 
that ER binding by many different SERMs caused 
development of the classical antagonist-bound 
ER conformation [51]. SERMs may also produce 
cell modulation through non-ER pathways, such 
as through androgen or progesterone receptors, 
when combined with SERM metabolites that 
have non-ER binding activities [53].

Each ER ligand has SERM activity intrinsic 
to the ligand. Tissue-specific actions of SERMS 
are thought to be due to unique ER conforma-
tional changes caused by SERM ligand binding 
in different tissues, resulting in a variety of spe-
cific interactions with other proteins within the 
cell. However, conformational change alone 
may not explain all the actions of SERMs on 
target cells. Work in mice with targeted deletion 
of the ERα aminoterminal A/B domain sug-
gested that stimulation of ERα by SERMs 
resulted in minimal activation of the aminoter-
minal activation domain AF-1 to preserve bene-
ficial vascular effects, but minimize effects on 
sexual tissues [54].
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Human ERα and ERβ greatly differ in their 
target genes, transcriptional potency, and 
cofactor- binding capacity, and are differentially 
expressed in various tissues. In classical estrogen 
response element (ERE)-mediated transactiva-
tion, ERβ has a markedly reduced activation 
potential compared with ERα, but the mechanism 
underlying this difference was not initially obvi-
ous. Zwart et al. [55] showed that the binding of 
steroid receptor coactivator-1 (SRC-1) to the 
AF-1 domain of ERα is essential, but not suffi-
cient, to facilitate synergy between the AF-1 and 
AF-2 domains, which is required for full  agonistic 
response to 17β-estradiol. Complete synergy is 
achieved through the distinct hinge domain of 
ERα, which enables combined action of the AF-1 
and AF-2 domains. The AF-1 domain of ERβ 
lacks the capacity to interact with SRC-1, which 
prevents hinge-mediated synergy between AF-1 
and AF-2, thereby explaining the reduced 
17β-estradiol-mediated transactivation of ERβ. 
Transactivation of ERβ by 17-estradiol requires 
only the AF-2 domain. A weak agonistic response 
to tamoxifen occurs for ERα, but not for ERβ, 
and depends on AF-1 and the hinge-region 
domain of ERα.

Functions of ERα and ERβ have been investi-
gated in bone, breast, uterine and genitourinary 
tissues, brain, and other tissues. Because of the 
widely variable tissue effects of SERM ligands in 
different tissues, it is difficult to reach conclu-
sions about the complete clinical activity of 
SERMs without conducting the appropriate clini-
cal trials and monitoring adverse events in differ-
ent tissues.

Multiple SERMs have been developed for dif-
ferent purposes in the United States, with raloxi-
fene approved for prevention and treatment of 
postmenopausal osteoporosis and prevention of 
high risk ER-positive breast cancer in postmeno-
pausal women. Bazedoxifene monotherapy is 
approved for treatment of postmenopausal osteo-
porosis in Europe, and bazedoxifene in combina-
tion with conjugated estrogens for treatment of 
menopausal flushes and for prevention of post-
menopausal osteoporosis in the United States. 
Tamoxifen is approved for adjuvant and neoadju-
vant treatment of postmenopausal ER-positive 

breast cancer, prevention of high-risk breast can-
cer, breast ductal carcinoma in situ to prevent 
invasive disease, metastatic breast cancer, gyne-
comastia, and treatment of malignant neoplasms 
of the endometrium of corpus lutei. Ospemifene 
is approved for treatment of moderate to severe 
dyspareunia due to vulvar and vaginal atrophy 
associated with menopause in the United States. 
Clomiphene is approved for treatment of female 
infertility due to ovulatory disorder. Other 
SERMs remain under development.

The initial SERMs were used as antiestrogens 
beginning almost 60 years ago [56], with the con-
cept of selective estrogen receptor modulation 
introduced about 25 years ago [57]. A variety of 
SERMs with special tissue selectivity have been 
under clinical investigation for prevention and 
treatment of a variety of diseases [58]. SERMs 
may increase the risk of postmenopausal hot 
flashes, night sweats, leg cramps, deep venous 
thrombosis, or bone pain in some patients, par-
ticularly during the first few months of drug 
exposure.

Because currently available SERMs do not 
fully treat symptoms of the menopause, research 
continues to identify the optimal SERM for post-
menopausal women, which would improve hot 
flashes, reduce vaginal atrophy, and prevent bone 
loss and fractures, while protecting the uterus, 
mammary gland, and cardiovascular system. If 
an ideal SERM cannot be found, as appears 
increasingly likely, SERMs may be used in post-
menopausal women in tissue selective estrogen 
complexes, in which an SERM is combined with 
estrogen, in order to obtain the beneficial effects 
of each component, with improved overall toler-
ability [59]. SERMs may potentially be used in 
men to treat osteoporosis, syndromes associated 
with secondary hypogonadism, or possibly pros-
tate cancer, but none are currently approved.

A number of SERMs have been clinically 
investigated since clomiphene, the first drug in 
this class, was introduced many years ago. Many 
of these have had their clinical investigation dis-
continued due to various adverse effects or lack 
of efficacy compared to available SERMs. 
Published clinical trials over the last decade have 
focused mostly on raloxifene, bazedoxifene, 
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bazedoxifene in combination with conjugated 
estrogens, lasofoxifene, arzoxifene, tamoxifen, 
and ospemifene.

 Raloxifene
Raloxifene is a polyhydroxylated nonsteroidal 
benzothiophene compound with a benzothio-
phene core with high affinity for both ERα and 
ERβ [60], which was originally investigated for 
breast cancer prevention in the early 1980s. It 
acts as a partial estrogen agonist in bone, thereby 
preventing vertebral fractures and loss of bone 
mineral density when given at the approved oral 
dose of 60 mg each day [61, 62].

The effect of raloxifene on BMD, serum lipid 
concentrations, and endometrial thickness was 
studied in 601 postmenopausal women [61]. 
Participants were randomly assigned to receive 
30, 60, or 150 mg of raloxifene or placebo each 
day for 24 months. The women receiving each of 
the three doses of raloxifene had significant 
increases from baseline values in BMD of the 
lumbar spine, hip, and total body, whereas those 
receiving placebo had decreases in BMD.  At 
24  months, the mean (± SE) difference in the 
change in BMD between the women receiving 
60 mg of raloxifene each day and those receiving 
placebo was 2.4  ±  0.4% for the lumbar spine, 
2.4 ± 0.4% for the total hip, and 2.0 ± 0.4% for the 
total body (P < 0.001 for all comparisons). Serum 
concentrations of total cholesterol and low-den-
sity lipoprotein cholesterol decreased in all the 
raloxifene groups, whereas serum concentrations 
of high-density lipoprotein cholesterol and tri-
glycerides did not change. Endometrial thickness 
was similar in the raloxifene and placebo groups 
at all times during the study. The proportion of 
women receiving raloxifene who reported hot 
flashes or vaginal bleeding was not different from 
that of the women receiving placebo. The study 
concluded that daily therapy with raloxifene 
increases bone mineral density, lowers serum total 
and low-density lipoprotein cholesterol, and does 
not stimulate the endometrium.

The Multiple Outcomes of Raloxifene Evaluation 
(MORE) study was a multicenter, randomized, 
blinded, placebo-controlled trial randomizing 
7705 women aged 31–80  years in 25 countries 

who had been postmenopausal for at least 2 years 
and met World Health Organization criteria for 
osteoporosis [62]. The study continued for up to 
36  months for primary efficacy measurements 
and nonserious adverse events, and up to 
40 months for serious adverse events. Participants 
were randomized to 60 mg or 120 mg each day of 
raloxifene or to placebo. All women received 
supplemental calcium and cholecalciferol. 
Incident vertebral fractures were determined 
radiographically at baseline and at scheduled 24- 
and 36-month visits. Nonvertebral fractures were 
ascertained by interview at 6-month-interim vis-
its. Bone mineral density was determined annu-
ally by dual-energy X-ray absorptiometry 
(DXA). At 36  months, of the evaluable radio-
graphs in 6828 women, 503 (7.4%) had at least 
one new vertebral fracture, including 10.1% of 
women receiving placebo, 6.6% of those receiv-
ing raloxifene 60 mg each day, and 5.4% of those 
receiving raloxifene 120 mg each day (Fig. 12.3). 
Risk of vertebral fracture was reduced in both 
study groups receiving raloxifene. For the 60 mg 
each day group: relative risk [RR], 0.7 (95% con-
fidence interval [CI], 0.5–0.8). For the 120  mg 
each day group: RR, 0.5 (95% CI, 0.4–0.7). 
Frequency of vertebral fractures was reduced 
both in women who did and did not have preva-
lent fracture. Risk of nonvertebral fracture for 
raloxifene versus placebo did not differ signifi-
cantly: RR, 0.9 (95% CI, 0.8–1.1 for both raloxi-
fene groups combined). Compared with placebo, 
raloxifene increased BMD in the femoral neck by 
2.1% (60  mg) and 2.4% (120  mg), and in the 
spine by 2.6% (60  mg) and 2.7% (120  mg) 
(P < 0.001 for all comparisons). Women receiv-
ing raloxifene had increased risk of venous 
thromboembolism versus placebo: RR, 3.1 (95% 
CI, 1.5–6.2). Raloxifene did not cause vaginal 
bleeding or breast pain and was associated with a 
lower incidence of breast cancer. The study con-
cluded that in postmenopausal women with 
osteoporosis, raloxifene increased BMD in the 
spine and femoral neck, and reduced risk of ver-
tebral fracture.

Raloxifene was shown to be more effective 
than tamoxifen, a related SERM, in reducing the 
risk of ER-positive breast cancers in high-risk 
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postmenopausal women [63]. Neither drug 
reduced cardiovascular risk in this trial, however. 
The major clinical trials assessing cardiovascular 
risk reduction with raloxifene included the 
Raloxifene Use in the Heart (RUTH) study [64] 
and Study of Tamoxifen and Raloxifene (STAR) 
study [65]. The RUTH study evaluated the effects 
of raloxifene 60 mg each day versus placebo in 
10,101 postmenopausal women of mean age 
67.5 years with coronary heart disease or multi-
ple coronary heart disease risk factors over a 
 follow- up period of 5.6 years. This study showed 
that raloxifene reduced the risk of invasive breast 
cancer, but not noninvasive breast cancer. 
Raloxifene reduced the risk of clinical vertebral 
fractures, but not nonvertebral or hip fractures. 
Unfortunately, raloxifene did not reduce the pri-
mary endpoint risk of coronary events or stroke, 
but was associated with a statistically significant 
increased risk of stroke mortality and venous 
thromboembolism.

The STAR study evaluated the effects of ral-
oxifene 60 mg each day versus tamoxifen 20 mg 

each day in 19,747 postmenopausal women of 
mean age 58.5 years with high risk of breast can-
cer over a follow-up period of 5 years [65]. The 
study showed that raloxifene and tamoxifen 
caused similar reductions in the risk of invasive 
breast cancer, with the tamoxifen group having a 
nonsignificant decrease in noninvasive breast 
cancer. Neither drug reduced the risk of noninva-
sive breast cancer in postmenopausal women.

Gushima et  al. [66] showed that raloxifene 
caused translocation of ER-α into nucleoli in 
breast cancer cell lines, but not other cell types. 
Mutation analysis showed that helix 12 of ERα 
was essential for raloxifene-induced nucleolar 
translocation. This effect, which appeared to be 
specific to raloxifene, may explain at least part of 
raloxifene’s ability to suppress growth of breast 
cells.

While raloxifene decreased the incidence of 
osteoporosis and invasive breast cancer, it also 
increases the risk of venous thromboembolism 
and fatal stroke in women with, or at high risk 
for, coronary heart disease. Grady et  al. [67] 
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assessed treatment effects of raloxifene on over-
all and cause-specific mortality by performing a 
pooled analysis of mortality data from the large 
clinical trials of raloxifene (60 mg each day) ver-
sus placebo. This study analyzed data from the 
Multiple Outcomes of Raloxifene Evaluation/
Continuing Outcomes Relevant to Evista studies, 
with 7705 postmenopausal osteoporotic women 
followed for 4 years, and a subset of 4011 partici-
pants followed for an additional 4 years, with 110 
deaths during follow-up. The analysis also 
included the Raloxifene Use for the Heart trial, 
with 10,101 postmenopausal women with coro-
nary disease or multiple risk factors for coronary 
disease followed for 5.6 years, with 1149 deaths 
during follow-up. Cox proportional hazards 
regression models compared mortality by treat-
ment assignment in a pooled analysis of the trial 
data. All-cause mortality was 10% lower among 
women assigned to raloxifene 60  mg each day 
versus placebo (relative hazard 0.90; 95% CI, 
0.80–1.00; P = 0.05). This lower overall mortal-
ity was primarily due to lower rates of noncardio-
vascular deaths, especially lower rates of 
noncardiovascular, noncancer deaths. The study 
did not identify mechanisms by which raloxifene 
reduced the risk of noncardiovascular deaths.

Raloxifene has been shown to affect body 
composition [68]. In a randomized, double-blind, 
placebo-controlled trial involving 198 healthy 
postmenopausal women aged 70 years or older, 
participants were randomly assigned to receive 
raloxifene 60  mg or placebo each day for 
12 months. At 12 months, fat-free mass increased 
by a mean of 0.83 ± 2.4 kg in the raloxifene group 
versus 0.03  ±  1.5  kg in the placebo group 
(P = 0.05), and total body water increased by a 
mean of 0.6 ± 1.8 L in the raloxifene group ver-
sus a decrease of 0.06  ±  1.1  L in the placebo 
group (P  =  0.02). Muscle strength and power 
were not significantly different with raloxifene 
treatment. The study concluded that raloxifene 
significantly increased fat-free mass and water 
content compared to placebo. Because fat-free 
mass positively correlates with bone mass, this 
effect of raloxifene might help improve BMD 
and reduce fractures.

 Bazedoxifene
Bazedoxifene is an SERM approved in Europe 
for the treatment of postmenopausal osteoporo-
sis, and in the United States for prevention and 
treatment of menopausal flushes and for preven-
tion of postmenopausal osteoporosis. In a 2-year 
phase III study, bazedoxifene prevented bone 
loss, reduced bone turnover, and was well toler-
ated in early postmenopausal women with nor-
mal or low BMD [69].

The 3-year, randomized, double-blind, pla-
cebo- and active-controlled clinical trial [70] ran-
domized healthy postmenopausal women with 
osteoporosis (55–85  years of age) to bazedoxi-
fene 20 or 40 mg each day, raloxifene 60 mg each 
day, or placebo. The primary endpoint was inci-
dence of new vertebral fractures after 36 months, 
with secondary endpoints including nonvertebral 
fractures, BMD, and bone turnover markers. 
Among 6847 subjects in the intent-to-treat popu-
lation, the incidence of new vertebral fractures 
was significantly lower (P < 0.05) with bazedoxi-
fene 20 mg (2.3%), bazedoxifene 40 mg (2.5%), 
and raloxifene 60 mg (2.3%), compared to pla-
cebo (4.1%), with relative risk reductions of 
42%, 37%, and 42%, respectively (Fig.  12.4). 
The treatment effect was similar among subjects 
with or without prevalent vertebral fractures 
(P = 0.89 for treatment by baseline fracture status 
interaction). The incidence of nonvertebral frac-
tures with bazedoxifene or raloxifene was not 
significantly different from placebo. In a post hoc 
analysis of a subgroup of women at higher frac-
ture risk (femoral neck T score ≤ −3.0 and/or ≥1 
moderate or severe vertebral fracture or multiple 
mild vertebral fractures; n = 1772), bazedoxifene 
20 mg showed 50% and 44% reduction in non-
vertebral fracture risk relative to placebo 
(P  =  0.02) and raloxifene 60  mg (P  =  0.05), 
respectively. Bazedoxifene significantly 
improved BMD and reduced bone marker levels 
(P < 0.001 vs. placebo). The incidence of vasodi-
latation, leg cramps, and venous thromboembolic 
events was higher with bazedoxifene and raloxi-
fene compared to placebo. Christiansen et  al. 
reported the 3-year safety data for this phase III 
trial with bazedoxifene separately [71]. In con-
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clusion, bazedoxifene significantly reduced the 
risk of new vertebral fracture in postmenopausal 
women with osteoporosis, and decreased the risk 
of nonvertebral fracture in subjects at higher frac-
ture risk.

The 2-year extension of the 3-year study [72, 
73], and subsequently the 4-year study extension 
[74], showed that bazedoxifene sustained effi-
cacy in preventing new vertebral fractures in 
postmenopausal women with osteoporosis and in 
preventing nonvertebral fractures in higher-risk 
women over up to 7 years.

 Conjugated Estrogens/Bazedoxifene
Conjugated estrogens/bazedoxifene is the first 
tissue selective estrogen complex therapy that 
reduces vasomotor symptoms and prevents post-
menopausal bone loss without stimulating the 
breast and endometrium. Gallagher et  al. [75] 
analyzed changes in BMD and bone markers 
using pooled data from two phase III trials using 

this agent. Selective Estrogens, Menopause, and 
Response to Therapy (SMART)-1 [76] and 
SMART-5 [77] were randomized, double-blind, 
placebo- and active-controlled studies conducted 
in postmenopausal nonhysterectomized women. 
BMD and turnover marker data were pooled for 
women given conjugated estrogens (0.45 or 
0.625 mg) plus bazedoxifene 20 mg or placebo 
each day over 12  months. Sensitivity analyses 
were conducted using baseline Fracture Risk 
Assessment Tool score, age, years since meno-
pause, body mass index, race, and geographic 
region. There were 1172 women, mean age 
54.9  years, mean 6.21  years since menopause, 
mean lumbar spine, and total hip T scores −1.05 
and  −  0.58 included. Of these, 58.8% had a 
Fracture Risk Assessment Tool score less than 
5%, indicating low fracture risk. At 12 months, 
adjusted differences (vs. placebo) in BMD 
change in the groups taking conjugated estrogens 
0.45 or 0.625 mg plus bazedoxifene 20 mg each 
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RRR, 42%; HR, 0.58 (95% CI, 0.38–0.89)

RRR, 37%; HR, 0.63 (95% CI, 0.42–0.96)

RRR, 42%; HR, 0.58 (95% CI, 0.38–0.89)

RRR, 41%; HR, 0.59 (95% CI, 0.29–1.21)

RRR, 35%; HR, 0.65 (95% CI, 0.32–1.30)
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day were 2.3% and 2.4% for lumbar spine, 1.4% 
and 1.5% for total hip, and 1.1% and 1.5% for 
femoral neck (all P  <  0.001 vs. placebo). These 
increases were unrelated to baseline Fracture 
Risk Assessment Tool score, age, years since 
menopause, body mass index, or geographic 
region. Both doses reduced bone turnover mark-
ers (P  <  0.001). The study concluded that conju-
gated estrogens/bazedoxifene significantly 
improved BMD and turnover in a large  population 
of younger postmenopausal women at low frac-
ture risk, and was a promising therapy for pre-
venting postmenopausal bone loss.

 Tamoxifen
Tamoxifen, a synthetic antiestrogen, increases 
disease-free and overall survival when used as 
adjuvant therapy for primary breast cancer. Love 
et al. [78] evaluated the effects of tamoxifen on 
BMD of the lumbar spine and radius and on bio-
chemical measures of bone metabolism in 140 
postmenopausal women with axillary-node- 
negative breast cancer, in a 2-year randomized, 
double- blind, placebo-controlled trial. In the 
women given tamoxifen, the mean BMD of the 

lumbar spine increased by 0.61% per year, 
whereas in those given placebo it decreased by 
1.00% per year (P  <  0.001) (Fig.  12.5). Radial 
BMD decreased to the same extent in both 
groups. In a subgroup randomly selected from 
each group, serum osteocalcin and alkaline phos-
phatase concentrations decreased significantly in 
women given tamoxifen (P < 0.001 for each vari-
able), whereas serum parathyroid hormone and 
1,25-dihydroxyvitamin D concentrations did not 
change significantly in either group. In post-
menopausal women, treatment with tamoxifen is 
associated with preservation of the BMD of the 
lumbar spine. These effects continued to be pre-
served at 5 years of treatment [79]. Whether this 
favorable effect on BMD is accompanied by a 
decrease in the risk of fractures has not been 
determined.

If inherited variants in candidate genes 
involved in tamoxifen metabolism predict clini-
cal outcomes of treatment of breast cancer with 
tamoxifen, then it is possible that genes 
involved in ER signaling or tamoxifen metabo-
lism could also affect tamoxifen effects on 
bone. In a prospective multicenter clinical trial, 
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297 women starting tamoxifen therapy for the 
first time had their lumbar spine and total hip 
BMD values assessed by DXA at baseline and 
after 12  months of tamoxifen therapy [80]. 
Single-nucleotide polymorphisms (SNPs) in 
the genes for ERα, ERβ, and cytochrome P450 
2D6 were tested for associations with meno-
pausal status, previous chemotherapy, and 
mean percentage change in BMD over 
12  months. The percentage increase in BMD 
was greater in postmenopausal women and in 
subjects who had previously been treated with 
chemotherapy. No significant associations were 
found between the tested SNPs and either base-
line BMD or change in BMD with 1  year of 
tamoxifen therapy. The study concluded that 
the evaluated SNPs in these genes did not influ-
ence BMD response in tamoxifen-treated 
subjects.

 Ospemifene
Ospemifene is FDA approved for the treatment of 
moderate-to-severe dyspareunia, a symptom of 
vulvovaginal atrophy, due to menopause. 
Preclinical and clinical data suggest that ospemi-
fene may also have an effect on bone health in 
postmenopausal women. In vitro data suggest 
that ospemifene may mediate a positive effect on 
bone through osteoblasts [81]. Ospemifene effec-
tively reduced bone loss and resorption in ovari-
ectomized rats, with activity comparable to 
estradiol and raloxifene. Clinical data from three 
phase 1 or 2 clinical trials (two placebo- and one 
raloxifene-controlled) found ospemifene 60   mg 
each day to have a positive effect on the biochem-
ical markers for bone turnover in healthy, post-
menopausal women with significant 
improvements relative to placebo and compara-
ble to raloxifene. No bone density or fracture 
data are available for ospemifene.

 Other SERMs
Small clinical trials of several other SERMs, 
including toremifene, ormeloxifene, pipendoxi-
fene, and fulvestrant are at various stages of 
development or have been conducted for preven-
tion and treatment of breast cancer and post-
menopausal osteoporosis. Each of these SERMs 

has unique features that endow them with spe-
cific characteristics potentially useful for various 
clinical applications.

Fulvestrant is currently approved for use in 
postmenopausal women with hormone receptor 
positive advanced breast cancer that has pro-
gressed on treatment with endocrine therapy 
[82]. Fulvestrant is a pure estrogen antagonist 
that avoids the risk of detrimental side effects of 
selective ER modulators such as tamoxifen, 
which has partial agonist activity. Fulvestrant 
appears to be well tolerated. Due to its unique 
mode of action, fulvestrant lacks cross-resistance 
with existing SERMs.

 Conclusion

Estrogens and SERMs have potent skeletal 
effects that inhibit bone loss and reduce fracture 
risk. Estrogen at full-strength doses appears to 
have a stronger effect on BMD, and SERMs are 
less potent due to their partially antagonistic 
effects on the ER. The effects of estrogen on skel-
etal physiology are well known. Individual 
SERMs have unique tissue-specific activities that 
require verification in clinical trials, as the clini-
cal profiles of SERMs are moderately variable. 
The future of SERMs may be rich with possibili-
ties, but successful clinical application has been 
slowed by their variable tissue-specific effects.
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Key Points
• Androgens appear to determine overall 

skeletal size but have a more limited 
impact on bone mineral density and 
attainment of peak bone mass. 
Androgens also contribute to bone 
strength indirectly via their impact on 
lean muscle mass development.

• Testosterone has modest antiresorptive 
effects in addition to a minor role in 
mediating bone formation.

• Hypogonadism in men results in a rapid 
phase of bone loss, similar to that which 
occurs in early menopause. This bone 
loss is associated with an increased risk 
of fracture.

• The decline in androgen levels, particu-
larly free testosterone levels, that occurs 
with aging is paralleled by a decline in 
bone mineral density and an increase in 
the risk of fracture and development of 
frailty.

• Testosterone replacement in men with 
hypogonadism obviates some of these 
negative skeletal effects. Treatment of 
men with a normal age-related decline 
in testosterone levels shows less robust 
benefits.
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 Introduction

Androgens are 19 carbon molecules that circu-
late in both men and women, albeit to varying 
degrees, mostly in the form of testosterone (T), 
dihydrotestosterone (DHT), androstenedione, 
and dehydroepiandrosterone (DHEA). In men, 
95% of T is made in the testes, with the remain-
ing T produced in the adrenal glands from DHEA 
and androstenedione precursors (Fig.  13.1). 
About 8% of T is peripherally converted by the 
enzyme 5-α-reductase to DHT, a derivative more 
potent than T given its much higher affinity to 
the androgen receptor (AR) [1]. A smaller pro-
portion of T (~0.2%) is converted to estradiol 
(E2) under the actions of the microsomal P450 
aromatase, the enzyme also involved in the aro-
matization of circulating DHEA to estrogens. In 
contrast, most of the T produced by the ovaries 
in women is aromatized to E2, with only a small 
proportion of T and DHT originating from the 
adrenal glands present in the circulation. As with 
other steroid hormones, most circulating T 
(~60–65%) is strongly bound to sex hormone-
binding globulin (SHBG), with the remaining T 
bioavailable in either free or albumin-bound 
forms (Fig. 13.1) [1, 2].

Until recently, the working hypothesis had 
been that T was the leading gonadal steroid 
impacting bone metabolism in men, with age- 
associated declines in men mimicking early 
menopausal changes in women. This hypothesis 
was indirectly supported by the observation that 
male hypogonadism is associated with a period 
of increased bone turnover, with bone resorption 
significantly surpassing the degree of bone for-
mation, ultimately leading to bone loss [3, 4].

Arguably the first counter to this hypothesis 
came with a 1994 report of a male with homozy-
gous loss of estrogen receptor α (ERα) who dis-
played normal pubertal development and 
secondary sexual characteristics, but who had 
unfused epiphyses, continued linear growth into 
adulthood, osteopenia, and evidence of high bone 
turnover [5]. Since then, evidence has accumu-
lated that similar to women, estrogen is the main 
regulator of bone metabolism in men [6]. Further, 
more recent data has demonstrated the presence 
of local aromatization of testosterone to estradiol 
in bone tissue [7–9].

The above issues regarding an important role 
for estrogen in male skeletal biology notwith-
standing, much work has clearly demonstrated 
that androgens play an important role in bone 
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Fig. 13.1 Androgen metabolism and testosterone avail-
ability in the circulation. Testosterone is produced in the 
gonads and adrenal glands from DHEA and androstenedi-
one precursors. Conversion to DHT occurs in peripheral 
tissues by the enzyme 5-α-reductase; conversion to estra-
diol occurs dominantly in the gonads under the actions of 
the microsomal P450 aromatase, the same enzyme 
involved in aromatization of peripheral circulating andro-

stenedione to estrone. Most circulating testosterone is 
strongly bound to SHBG, while the remaining is bioavail-
able in either free or albumin-bound forms. 3βHSD: 
3β-hydroxysteroid dehydrogenase; 17βHSD: 
17β-hydroxysteroid dehydrogenase; DHEA: dehydroepi-
androsterone; DHT: dihydrotestosterone; SHBG: sex 
hormone-binding globulin
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growth and remodeling, a role that is best appre-
ciated clinically in states of androgen deficiency 
or inefficiency. In addition, advances over the 
past three decades have enhanced our under-
standing of androgen actions in bone including 
the identification of ARs in various bone cells 
including osteoblasts and osteocytes, and have 
permitted the molecular and cellular character-
ization of T action on the skeleton [10–12].

 Androgen Effects on Bone Modeling

 Skeletal Development During 
Pubertal Growth

Androgens are responsible for a number of the 
differential pubertal developments that distin-
guish boys and girls, including skeletal growth. 
Specifically, during growth in males, periosteal 
apposition occurs more rapidly than at the endos-
teum. In the growing male skeleton, this differen-
tial bone accrual results in greater linear growth 
and cortical thickness, albeit at the expense of 
increased cortical porosity [13–16]. This is in 
contrast to the mechanism of skeletal growth in 
pubertal girls, in which a decrease in endocortical 
expansion is the main determinant of cortical 
thickness. Ultimately these differences translate 
into men having both greater bone width and 
larger cross-sectional bone area as compared to 
women, with both factors providing the male 
skeleton with greater compressive and bending 
strength and stiffness [17]. In addition, andro-
gens appear to influence both trabecular thick-
ness and trabecular bone volume [18].

This bone modeling continues during early 
adulthood to confer further increases in bone 
strength [19, 20]. Other androgenic effects 
include an increase in lean mass that provides 
increased mechanical loading to further increase 
bone strength.

Available data in men with a history of delayed 
puberty have provided contradictory results with 
respect to attainment peak bone mass. Thus in 
one report, 18 adult men with history of constitu-
tionally delayed puberty had significantly lower 
bone mineral density (BMD) at the lumbar spine 

(LS) and distal radius as compared to men who 
underwent normal puberty; furthermore, when 
followed over time, the men with constitutional 
delay did not attain the same peak bone mass. In 
another cohort, however, while areal BMD by 
dual-energy X-ray absorptiometry (DXA) was 
similarly lower in men with constitutional delay, 
volumetric BMD derived from DXA data points 
showed no significant differences when com-
pared to control subjects [21, 22]. These data fur-
ther confirm the impact of androgens on bone 
size is comparatively greater than on bone min-
eral density.

 Lessons Learned from Rare Diseases

 Aromatase Deficiency or the Case 
of a “Pure Androgenic Skeleton”
As noted previously, the P450 aromatase enzyme 
is responsible for gonadal and peripheral conver-
sion of androgens to estrogens. It is encoded by a 
single gene, CYP19A1, located on chromosome 
15q21.2 [23]. A limited number of cases of aro-
matase deficiency, in which a mutation in 
CYP19A1 leads to a nonfunctional enzyme and 
consequently to estrogen deficiency, have been 
reported.

Although females with CYP19A1 deficiency 
are identified at birth due to the presence of 
ambiguous genitalia and are subsequently treated 
with estrogen replacement, males are phenotypi-
cally normal until early adulthood and thus can 
provide better attestation to the natural history of 
estrogen absence on male skeletal growth by 
allowing for the identification of pure androgenic 
effects on the growing skeleton. Notably, these 
skeletal sequelae are virtually identical to those 
observed by Smith et al. in the case of homozy-
gous loss of ERα [5].

As expected, CYP19A1 deficient males have 
undetectable circulating estradiol levels with con-
comitant testosterone and other androgen levels 
that are normal or elevated. These men present with 
continued linear growth into adulthood with 
heights consistently >3 standard deviations (SD) 
above normal means and with open unfused epiph-
yses [24, 25]. Ultimately, these abnormalities lead 
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to gross skeletal deformities such as kyphoscoli-
osis, pectus carinatum, and genu valgum. Bone 
mineral content is diminished, with reported 
BMD Z-scores measured by DXA in one patient 
of −2.98 at the LS and −3.56 at the hip [26]. In 
this same patient, there was a significant eleva-
tion in serum biochemical markers of bone for-
mation but a much less robust elevation in 
markers of bone resorption. Similar skeletal find-
ings were noted in an untreated woman with aro-
matase deficiency with evidence of low bone 
mineral density [27].

Interestingly, affected individuals do not 
appear to have an increased rate of fractures, per-
haps attesting to the resilience of this “pure 
androgenic skeleton” with a propensity for defor-
mities rather than fractures. Given the rarity of 
this condition, however, whether fracture rates 
will remain normal over the lifespan will require 
careful monitoring.

Collectively, these observations demonstrate 
the importance of androgens for skeletal growth 
but also highlight the need for estrogen for skel-
etal maturation. In sum, androgens appear to 
have a greater role in determining bone size with 
less of a role for attainment of peak bone mass.

 A Skeleton Without Androgens: 
Androgen Insensitivity Syndrome
Another rare condition that offers the opportunity 
to differentially appreciate the effects of estro-
gens and androgens on bone metabolism is 
androgen insensitivity syndrome (AIS), also 
known as testicular feminization. AIS is caused 
by mutations in the AR which decrease the recep-
tor’s affinity for and response to androgens, 
thereby leading to complete or partial loss of 
androgen action [28]. In the case of complete 
AIS, affected subjects have a 46,XY karyotype 
but are phenotypically female and undergo breast 
development during puberty [29, 30]. These indi-
viduals possess functional testes and thus have 
high levels of both T and estrogens present at the 
onset of puberty. They, however, experience pri-
mary amenorrhea in addition to the absence of 
androgenic sexual characteristics such as hair 
distribution [31, 32].

In persons affected by AIS, the morphology of 
diaphysis is similar to the female skeleton with 
preferential endosteal expansion and a resultant 
smaller marrow space and lower cortical thick-
ness compared to men [33, 34]. Skeletal height is 
intermediate between normative male and female 
patterns [30].

A number of case series and case reports have 
evaluated bone mineral content in subjects with 
AIS. In individuals with complete AIS, BMD at 
both the LS and hip is consistently low as com-
pared to age-matched controls [35–37]. The 
lower BMD values, however, do not appear to be 
as dramatic as those seen in subjects with aroma-
tase deficiency. In one report of ten young 
patients with complete AIS, six of whom had 
undergone gonadectomy and were receiving 
estrogen replacement therapy, both areal and 
volumetric LS BMD values were significantly 
lower than in controls; BMD was also lower than 
normative female and normative male cohorts 
[37]. Although the sample size did not provide 
enough power to detect differences in fractures, 
no differences in fracture rates were noted. 
Similar results have been reported for other 
cohorts. In one cohort of 18 individuals, subjects 
compliant with estrogen replacement showed 
lesser BMD deficits as compared to those with 
poor estrogen replacement compliance [38]. In 
individuals with partial AIS, no differences in 
BMD when compared to control subjects were 
identified [35, 36, 38].

These observations provide good insight into 
the role of T in the male skeleton. Lack of andro-
gen action does not delay epiphyseal closure but 
does yield a shorter stature than normal male 
counterparts. In addition, loss of androgen action 
results in lower BMD when compared to either 
male or female cohorts, irrespective of estrogen 
replacement, with individuals affected by com-
plete AIS having lower BMD than those with 
partial androgen insensitivity [38, 39].

Overall, these findings suggest that androgens 
likely have a direct effect on bone mineral den-
sity via their actions on the level of the AR, in 
addition to their “indirect” effects at the ER fol-
lowing aromatization.

J. G. Sfeir and M. T. Drake



263

 Androgen Effect on Bone 
Remodeling

 Relative Roles of Estrogen 
and Testosterone on the Male 
Skeleton

Following the initial report by Smith et  al. 
describing one patient with homozygous loss of 
the ERα receptor [5], there was considerable 
debate regarding the potential role for estrogen 
as the primary regulator of bone metabolism in 
men.

To address this question directly, an initial 
study performed in elderly men by Falahati-Nini 
et al. used a GnRH agonist concomitantly with an 
aromatase inhibitor to suppress endogenous tes-
tosterone and estrogen production, respectively. 
Subjects were then randomized to receive either T 
patches alone, estrogen patches alone, both T and 
estrogen patches or no hormone replacement [40]. 
As expected, in the group that did not receive hor-
mone replacement, there was a significant increase 
in biochemical markers of bone resorption, an 
effect that was completely prevented by the use of 
both T and estrogen replacement. Interestingly, 
however, the use of estrogen replacement alone 
was able to prevent most of the rise in bone resorp-
tion, whereas T alone was much less potent. 
Serum osteocalcin levels were only slightly 
diminished with either estrogen or testosterone 
alone, whereas levels of serum amino-terminal 
propeptide of type I collagen (P1NP) were sus-
tained with estrogen but not T [40].

Subsequently, these earlier findings were con-
firmed in an elegant study by Finkelstein et al. in 
which 202 healthy men aged 20–50 years were 
made similarly hypogonadal using the combina-
tion of a GnRH agonist and an aromatase inhibi-
tor. The men were then randomized to receive 
varying doses of testosterone gel formulation (0, 
1.25 g, 2.5 g, 5 g, or 10 grams daily) for a total 
duration of 16  weeks. As expected, all partici-
pants had suppressed estradiol levels and showed 
an appropriate dose–response relationship to the 
administered T dose in their respective blood T 
levels. Importantly, areal BMD assessed by DXA 
declined by approximately 1–2% in all T dosing 

groups at all skeletal sites, while trabecular spine 
BMD assessed by quantitative computed tomog-
raphy (QCT) declined by approximately 4–5% in 
each group. Collectively, these results demon-
strated that the absence of estradiol in men leads 
to bone loss and that varying T replacement doses 
(including supraphysiologic dosing) was unable 
to limit this bone loss [41, 42]. There was, how-
ever, an inverse dose–response relationship 
between T levels and the percent change in the 
bone resorption marker C-telopeptide of type 1 
collagen (CTX), which seemed to decrease as the 
T dose was increased. The relative contributions 
of T on bone remodeling in young adult men 
were also evaluated in a study by Leder et al. in 
which subjects were treated with GnRH suppres-
sion in addition to a T patch, with or without con-
comitant aromatase inhibitor therapy, over a 
12-week period. When compared to treatment 
with GnRH suppression alone, the GnRH + T 
group had a significantly smaller increase in uri-
nary levels of the bone resorption marker 
deoxypyridinoline. Although a trend toward 
increases in bone formation markers was sug-
gested in the group treated with GnRH suppres-
sion alone, there were no statistical differences 
noted [43]. Collectively, these observations sug-
gest a contributory antiresorptive role of T, inde-
pendent of its aromatization to estrogen.

 Male Hypogonadism

States of male hypogonadism, whether primary 
or acquired, and particularly with complete 
androgen deprivation, are associated with a sig-
nificant reduction in BMD and consequently with 
an increased risk of fracture [44]. Such states 
include primary gonadal failure, secondary hypo-
gonadism due to pituitary insufficiency or hypo-
thalamic malfunction, and hypogonadism due to 
chemical castration/androgen deprivation ther-
apy (ADT) or surgical castration. The underlying 
etiology of the hypogonadism, however, bears 
little weight on the deleterious effects of the 
hypogonadism on the skeleton [45–50].

Despite the lack of large prospective studies, 
there is good evidence for increased fracture risk 
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in hypogonadal men, irrespective of BMD [51, 
52]. In general, however, when compared to age- 
matched controls, men with hypogonadism do 
have significant reductions in BMD following 
androgen loss, particularly at sites rich in trabec-
ular bone such as the LS [2, 53]. Bone turnover 
studies reveal increases in bone resorption with 
concomitant increases in bone formation, partic-
ularly early in the disease process, although the 
relative increases in bone formation are propor-
tionally much lower than the increases seen in 
bone resorption [54–56]. Other studies, however, 
have shown a low bone turnover state [57].

The skeletal impact of the slow decline in tes-
tosterone levels that occurs in men during the 
normal aging process, however, appears to be 
somewhat different. Bioavailable levels of both T 
and estradiol decline significantly in aging men 
and at levels that are disproportionate to the lev-
els of total T and total estradiol, as a result of an 
increase in SHBG production [58, 59]. Notably, 
bioavailable T levels decrease to an even greater 
extent than bioavailable estradiol levels, raising 
the possibility that declines in both sex steroid 
levels may contribute to the bone loss that occurs 
in aging men [39]. Despite this well-documented 
decline in testosterone levels with aging, the role 
of testosterone in age-related bone loss in men 
remains less clear than that of estrogen.

The decline in T levels parallels a decline in 
both cortical and trabecular BMD, with an over-
all rate of decline of approximately 1–2% per 
year (vertebral trabecular bone decline of ≤2% 
per year; radial cortical bone loss of 0.5–1% per 
year) [60–62]. Data from bone biopsy studies 
have generally shown an age-associated decrease 
in trabecular width and number, decrease in corti-
cal thickness, and an increase in trabecular sepa-
ration and cortical porosity [63]. The changes in 
bone remodeling responsible for these observa-
tions are yet to be clearly identified as histomor-
phometric data have provided conflicting results. 
Whereas some reports have suggested that age- 
related bone loss in men is associated with high 
bone turnover marked by significant bone resorp-
tion and formation, other studies have reported 
low rates of bone formation in aging men [63–
65]. Epidemiologic evidence of increased frac-

ture risk, however, is more consistent. Some 
studies revealed a higher incidence of hypogo-
nadism found in a cohort of elderly men with hip 
or vertebral fragility fractures as compared to the 
general population [130]. Furthermore, men with 
hip fractures have increased bone resorption 
associated with hypogonadism [66].

Studies which have evaluated T and estradiol 
levels in men and assessed for a correlation with 
BMD measurements have yielded somewhat 
inconclusive results. Initially, some studies iden-
tified a strong correlation between both total and 
free T levels and bone loss with age, particularly 
at primarily trabecular sites [67, 68]. Several 
more recent studies that have employed more 
sensitive assays for estradiol in order to better 
measure the relatively low circulating estradiol 
levels in men [68, 69], however, have found that 
bioavailable estradiol levels were better corre-
lated with BMD than either total or bioavailable 
T levels [58, 59, 70–72]. Notably, this finding 
was seen even in a cohort of men with hypogo-
nadism and total T levels less than 300 ng/dL, in 
which serum estradiol levels were better predic-
tors of BMD than serum T levels [70].

Finally, controversy remains regarding the 
effects of declining T levels on calcium and vita-
min D metabolism as well as intestinal calcium 
absorption. Observational studies suggest that 
men with hypogonadism have a negative calcium 
balance, a finding possibly due to decreased 
1,25-dihydroxyvitamin D levels and thus lower 
intestinal calcium absorption. These parameters 
improved following T replacement [73]. These 
observations, however, have not been validated in 
prospective controlled studies.

 Castration

Biochemical castration is achieved via the use of 
GnRH agonists which, alone or in combination 
with antiandrogens, have been increasingly used 
to treat prostate cancer in men.

Both surgical and biochemical castration 
result in a phase of rapid bone loss in men due to 
the rapid decline in sex steroids, particularly in 
trabecular bone likely due to its comparatively 
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larger surface area as relative to cortical bone. In 
the acute phase, biochemical markers reveal an 
increase in bone resorption relative to bone for-
mation, a finding which appears to be quite sim-
ilar to that seen during the early perimenopausal 
period of rapid bone loss that occurs in women 
[2, 74]. The use of ADT in men with prostate 
cancer, for example, can result in 5–10% loss in 
BMD within the first year, although the rate of 
decline slows down subsequently [75]. Of 
importance, however, is that the loss of andro-
gens in men is also accompanied by a decline in 
both lean and total muscle mass, a factor which 
contributes to an increased risk for falls and 
fracture. Histomorphometric data show an 
increase in osteoclastic resorptive surface as 
also seen in bone biopsies obtained during early 
menopause [76].

 Paracrine and Autocrine Regulation

Bone remodeling is the result of an intricate cou-
pling between osteoclast-mediated bone resorp-
tion and osteoblast-mediated bone formation. 
This coupling makes use of a host of paracrine 
modulators between these two cell lineages, the 
discovery of which has dramatically increased in 
the past two decades and has begun to allow for a 
better understanding of the influence of sex ste-
roids on bone remodeling.

In addition to direct activation of the AR, the 
effects of androgens on bone cells seem to be 
additionally mediated through their effects on 
growth factors including transforming growth 
factor (TGF)-β, insulin-like growth factors 
(IGFs), and cytokines such as interleukin (IL)-6. 
Testosterone, not unlike estrogen, primarily 
inhibits bone resorption. In vitro, testosterone 
has been shown to weakly stimulate osteoblast 
proliferation but also to limit osteoblast apopto-
sis [8, 77–79].

Following activation of AR and ERα, sex ste-
roids increase the production of reactive oxygen 
species through the action of cytoplasmic kinases. 
This inhibits the expression of receptor activator 
of nuclear factor kappa B ligand (RANKL) and 
production of IL-6, eventually leading to sup-

pression of the differentiation along the osteo-
clast lineage and therefore ultimately decreasing 
osteoclast activity. Orchiectomized rats show an 
increase in RANKL levels and a consequent 
increase in bone resorption [1, 80]. Estrogens 
seem to play a major role in this pathway, as evi-
denced by the fact that RANKL levels are 
inversely proportional to estradiol levels in men 
receiving ADT [81]. Expression of IL-6 has been 
demonstrated in vitro to be inhibited by treatment 
with DHT or T and in vivo to be stimulated fol-
lowing orchiectomy [82]. TGF-β in bone stimu-
lates osteoblasts and suppresses osteoclast 
activity. It has been demonstrated that androgens 
can stimulate TGF-β gene expression [77, 83]. 
Furthermore, TGF-β levels are significantly 
reduced in orchiectomized rats, a result which 
can be prevented by T replacement [84]. 
Androgens may also exert effects on osteoblast 
activity by modulation of members of the IGF 
family of ligands, the IGF receptor family, and 
the IGF binding proteins (IGFBPs) [82].

 Androgen Effects on Bone in Women

As presented above, there is good evidence that 
androgens play a major role in periosteal apposi-
tion and likely also in increasing bone formation 
and limiting bone resorption. There remains, 
however, limited evidence of any role for andro-
gens, particularly T, in postmenopausal skeletal 
remodeling in women [85].

DHEAS is the predominant circulating andro-
gen in women, with levels similar to those in men 
[86]. Early studies investigating the effects of 
androgens on the female skeleton focused on hir-
sute but otherwise healthy premenopausal women 
with endogenous androgen excess [87]. Affected 
women were found to have significantly elevated 
circulating levels of both T and DHEAS (two- fold 
or higher), but similar estrogen levels as com-
pared to control women of similar age. Single 
energy QCT evaluation showed significantly 
higher trabecular BMD in women with androgen 
excess, with a less pronounced increased in cor-
tical BMD.  Notably, however, no correlation 
between BMD and levels of individual either 
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T or DHEAS was identified. A subsequent larger 
study which examined the correlation between 
androgen levels in circulation and BMD in peri-
menopausal women found that although free T 
and estrogen levels showed some correlation, the 
strongest and most consistent correlation for 
BMD across all measured sites was SHBG levels 
[88]. Interestingly, this finding is consistent with 
later studies performed in men, as detailed 
below.

There are, however, many potential confound-
ing factors to all such association studies in 
women. First, the skeletal effects of circulating 
hyperandrogenism do not solely reflect the results 
of AR activation. In fact, DHT is the only andro-
gen that exclusively activates the AR, with other 
androgens able to exert their effects “indirectly” 
through the ER due to aromatization. This is par-
ticularly true in women, in whom the effects of 
estradiol on the skeleton may completely mask 
those of endogenous androgens. A second poten-
tial confounder relates to the effects of androgens 
on body composition. In women affected by a 
hyperandrogenic state such as hirsutism or poly-
cystic ovarian syndrome (PCOS), the increase in 
BMD observed may, at least partially, be reflec-
tive of increased body mass [74]. Notably, obese 
patients with PCOS have higher bone mineral 
density when compared to nonobese PCOS 
patients. This observation raises the possibility 
that aromatization of androgens in adipose tissue 
may impact bone remodeling. In women with 
hyperandrogenism, the use of antiandrogen treat-
ments for hirsutism or acne has yielded conflict-
ing results with respect to bone loss and may 
depend at least partially on the specific agents 
used for treatment [89]. Whereas use of spirono-
lactone in combination with a progestin resulted 
in loss of BMD at the LS, monotherapy with flu-
tamide, another androgen receptor antagonist, 
did not [90, 91]. In addition, the bone loss seen 
with use of GnRH agonists was prevented by 
concomitant use of spironolactone, but not by 
concomitant use of flutamide [89, 92]. Finally, 
the purity of assays measuring either free T or 
free estrogen needs to be taken into account when 
evaluating these studies. In general, steroid 
assays are quite intricate due to both the nature 

and low circulating concentrations of these mol-
ecules. While assays continue to improve with 
respect to their reporting accuracy, studies with 
earlier available assays may potentially have a 
significant amount of measurement variability 
which may impact the reliability of the reported 
findings [3, 93].

 Skeletal Effects of Androgen 
Replacement

 Testosterone Replacement in Men 
with Hypogonadism

In men with overt hypogonadism of any age, T 
replacement has been shown to improve BMD, 
particularly over the first 2  years of treatment 
[94]. Newer studies have demonstrated improve-
ment in bone microarchitecture as well as bone 
strength and mechanical properties following T 
replacement [95–99]. As an example, in 21 adult 
men with hypogonadotropic hypogonadism, T 
replacement for 2  years increased both cortical 
and trabecular BMD up to 13% in those with 
open epiphyses. In the subset of subjects with 
fused epiphyses, a 4% increase in cortical BMD 
but no change in trabecular BMD was noted 
[100]. Similar results were seen in a similar sub-
sequent study in which 16 men with hypogonad-
otropic hypogonadism were treated with T 
replacement therapy [101].

In comparison, evaluation of men with 
acquired hypogonadism who had an initial 10% 
BMD loss at the LS following a decline in T lev-
els showed that T replacement resulted in an ini-
tial 5% increase in whole body BMD, with the 
most marked increases seen in sites with the 
greatest percentage of trabecular bone, where the 
noted increases were as high as 14% [95]. These 
results have been subsequently validated in a 
number of other studies which have also noted 
that the most significant increases in BMD occur 
during the first year of treatment [97]. This 
increase continues during the second year of 
treatment, but bone mineral density stabilizes 
thereafter. Studies using QCT assessment show a 
greater increase in trabecular bone than what is 
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seen by DXA, although single energy QCT does 
not account for changes in bone marrow fat with 
androgen treatment [3, 102].

The basis for this increase in bone mass with 
T treatment of hypogonadal men is unclear. 
Whereas some studies have shown that T treat-
ment causes a decrease in bone resorption and 
possibly bone formation markers, other studies 
have suggested that treatment with either T or 
human chorionic gonadotropin causes an initial 
increase in bone formation markers [95, 96, 103–
105]. T has also been shown to increase skeletal 
calcium uptake in prepubertal boys [94]. Finally, 
T treatment in hypogonadal men can also result 
in increases in both lean mass and muscle 
strength, thereby potentially contributing to 
mechanical loading, improvements in bone 
strength properties, and fracture risk reduction 
[96, 99, 103, 104, 106].

 Testosterone Treatment  
in Elderly Men

In contrast to men with significant hypogonadism 
due to an underlying disease as discussed above 
and in whom T replacement shows unequivocal 
skeletal benefits, studies which have evaluated T 
treatment either in eugonadal men or in men with 
normal age-related declines in T levels have 
shown contradictory results.

In a placebo-controlled trial which included 
70 men aged 65  years and older with total T 
levels less than 350 ng/dL, men who received 
intramuscular T enanthate 200  mg every 
2 weeks for 36 months had a 10% increase in 
BMD at the LS and an approximately 2% 
increase in BMD at the total hip, but no change 
in BMD at the femoral neck. Treated men also 
had a decrease in bone resorption markers as 
well as in levels of bone- specific alkaline phos-
phatase, but osteocalcin levels were unchanged. 
Of note, however, is that T levels achieved at 
the end of the trial were supraphysiologic. In 
addition, the trial was associated with both a 
higher rate of erythrocytosis and a larger 
increase in prostate volume when compared to 
other trials of T replacement [107].

In another placebo-controlled trial of 87 men 
aged 65 years or older with low bioavailable T 
levels at baseline study entry, the use of a trans-
dermal T patch at a dose of 5  mg/day for 
24 months showed a modest but statistically sig-
nificant BMD increase of 1% at the femoral 
neck as compared to a decline in BMD at the 
femoral neck in the placebo group. No changes 
in BMD were noted at other sites. Of note, men 
included in the study had total T levels which 
were in the low-normal to slightly low range 
[108]. Finally, in another open-label replace-
ment study which included 60 obese middle-
aged men with a mean age of 57 years and total 
T values of less than 320 ng/dL, the use of the 
long-acting preparation T undecanoate for 
36 months also showed increases in areal BMD 
at both the LS and femoral neck at a rate of 5% 
per year [109].

In contrast to the above findings, however, a 
36 month placebo-controlled trial of transdermal 
T therapy in 108 men aged 65 years or older with 
baseline T levels of less than 475 ng/dL showed 
no significant changes in LS BMD (4.2% increase 
vs. 2.5% in the placebo group) [110]. No changes 
in bone formation or resorption markers were 
noted for the duration of the study, confirming 
previous results. Similarly, no change were seen 
in either bone resorption or formation markers in 
a short-term (9 weeks) open-label study in which 
27 men aged 70 years or older with total T levels 
of less than 350 ng/dL were treated with either 
intramuscular or transdermal T [111]. In com-
parison, when a transdermal T formulation was 
given for 12 months to a larger cohort, there was 
a slight 0.3% increase in femoral neck BMD in 
treated subjects, as compared to a decline of 
1.2% in the control group; there was, however, a 
significant increase in muscle strength in the 
treatment group [112]. Notably, a more recent 
placebo-controlled trial by the same group, in 
which transdermal T gel was used in 131 men 
aged 65  years or older with T levels less than 
350 ng/dL, showed significant increases in BMD 
at both the femoral neck (1.4%) and LS (3.2%), 
but a decline at the distal radius (−1.3%). No dif-
ferences in bone turnover markers were observed 
over the trial duration [113].
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More recently, a series of multicenter placebo- 
controlled testosterone replacement trials (collec-
tively known as the T-Trials) which included 211 
men aged 65 years and older with symptomatic 
hypogonadism and T levels less than 275 ng/dL, 
performed a subset analysis that examined bone 
microarchitecture and finite element analysis 
(FEA). Transdermal T gel provided for 12 months 
resulted in an increase in trabecular volumetric 
BMD at the spine by 7.5% and at the hip by 1.8%. 
Additionally, bone strength as  estimated by FEA 
was increased by 10.8% as compared to a 2.5% 
increase in the placebo group. Interestingly, how-
ever, areal BMD at the LS was increased by only 
1.2%, with no significant differences in BMD 
observed at other sites [114].

In another study, intramuscular T supplemen-
tation provided for 6 months to eugonadal men 
with osteoporosis diagnosed due to vertebral 
compression fractures showed antiresorptive 
effects, as evidenced by a reduction in urine and 
serum markers of bone resorption as well as an 
increase on LS BMD by 5% [115].

Taken together, these data show that T does 
have an antiresorptive effect, and that T supple-
mentation in elderly men with low-normal or low 
testosterone levels can modestly improve areal 
BMD by DXA, with possibly more significant 
improvements in bone microarchitecture and 
mechanical properties. However, a number of 
questions remain unanswered. These include: 
what levels of T should be used as a lower limit 
for initiation of T replacement; what is the opti-
mal T value (or T value range) that should be tar-
geted; and most importantly, does T replacement 
provide any fracture benefit and, if so, what are 
the comparative benefits relative to the potential 
risks for harm? Together, the available data sug-
gest that T therapy must be both individualized 
and closely monitored, particularly as it pertains 
to the potential risks T therapy may impose.

 Testosterone Use in Women

Given that the benefits of estrogen as an antire-
sorptive agent are well established, little effort 
has been made to evaluate skeletal outcomes 

associated with the use of T in women. Thus, T 
therapy for female bone health cannot be recom-
mended, although it is notable that postmeno-
pausal women treated with estrogen plus 
methyltestosterone showed a greater increase in 
the bone formation marker osteocalcin as com-
pared to women treated with estrogen alone 
[116].

 DHEA Supplementation

Animal studies using DHEA supplementation 
have shown significant improvement in a number 
of age-related variables, including cardiovascular 
disease. Such findings have led to the promotion 
of DHEA and DHEA-S as antiaging agents [108].

As an example of the potential skeletal effects 
of DHEA in a preclinical animal model, orchiec-
tomized rats treated with DHEA showed a reduc-
tion in bone resorption markers that was partially 
reversed with antiandrogen treatment. This sug-
gested a pure androgenic benefit and raised the 
question as to whether supplementation with 
DHEA would be of skeletal benefit in both men 
and women [117].

To assess this directly in humans, a placebo- 
controlled trial of 280 healthy elderly men and 
women aged 60–79  years was undertaken. 
Subjects were evaluated with areal BMD by 
DXA at baseline and then again following 
12 months of DHEA supplementation at a dose 
of 50 mg/day. In men, DHEA treatment resulted 
in no significant differences in BMD when 
compared to placebo. In comparison, women 
aged <70  years had a significant increase in 
BMD at the femoral neck, while women aged 
>70 years had a significant increase in BMD at 
the distal radius and a nonsignificant BMD 
increase at the hip. A significant suppression of 
the bone resorption marker, serum CTX, was 
also seen in the older women, but no changes 
were noted in the biochemical markers of bone 
formation [118].

In an uncontrolled study of 18 elderly men 
and women aged 64–82 years treated with DHEA 
50  mg daily for 6  months, there was a modest 
increase in LS BMD which was more significant 
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in men than in women, with no other changes 
seen at any other site. There was no observed 
effect on bone turnover markers [119].

Finally, in another placebo-controlled trial, 
the effects of DHEA supplementation for 
24 months on BMD were evaluated in 87 elderly 
men and 57 elderly women with low DHEA-S 
levels. Men received DHEA supplementation at a 
dose of 75 mg/day and had a lower rate of decline 
in femoral neck BMD compared to placebo; 
however, no differences were seen at other sites. 
In comparison, treatment of women with DHEA 
supplementation at a dose of 50 mg/day resulted 
in a BMD increase at the radius by 2.5%, but no 
differences in the rate of BMD decline at either 
the femoral neck or LS compared to placebo 
[108]. Whether the skeletal effects of DHEA 
might reflect the conversion of DHEA to estrone 
and/or estradiol is unclear. Formal evaluation of 
DHEA provided in the presence or absence of 
concomitant aromatase inhibitor therapy would 
likely be needed to clearly demarcate any effects 
on the skeleton that reflect the actions of DHEA 
alone.

 Modulators of Androgen Action 
in Men

Modulators of androgen action include AR 
antagonists, estrogen receptor antagonists, selec-
tive estrogen receptor modulators (SERMs), aro-
matase inhibitors, and 5α-reductase inhibitors. 
Their use in men for different indications has 
been increasing. However, only a limited number 
of studies have evaluated their effects on bone.

Anastrozole, an aromatase inhibitor, was stud-
ied at a dose of 1 mg daily in a placebo-controlled 
trial which included 69 elderly men aged 60 years 
or older with low T levels (total T values of less 
than 350 ng/dL). Relative to placebo, anastrozole 
treatment for 12  months resulted in significant 
BMD loss at the LS when assessed by both DXA 
and QCT. Hip measurements showed a nonsig-
nificant decline and bone turnover markers did 
not change. Notably, T levels in the treated group 
increased by 50% and were restored to physio-
logic levels [120].

Finasteride, a 5α-reductase inhibitor, does not 
seem to impact either BMD or bone turnover 
when used alone. However, finasteride did not 
inhibit the BMD improvement when used in con-
junction with T when studied in one of the afore-
mentioned placebo-controlled trials [107, 121, 
122].

The SERM raloxifene has been studied for the 
prevention of bone loss in men treated with 
GnRH agonists for prostate cancer where it was 
shown to improved femoral neck BMD and to 
prevent a decline at BMD at the LS [123]. When 
used in otherwise healthy elderly men, however, 
raloxifene had equivocal effects on bone turnover 
[124].

Finally, selective androgen receptor modula-
tors (SARMs) have been evaluated in both pre-
clinical and a limited number of early phase 
clinical studies. SARMs are ligands that bind to 
the AR but induce tissue-selective activation. 
Efforts in the past two decades have been made to 
develop nonsteroidal SARMs which have salu-
tary effects on muscle function, physical perfor-
mance, and possibly bone formation but which 
spare the prostate, heart, and liver. Such agents 
would in theory eliminate the dose-limiting 
adverse events of androgen replacement. A num-
ber of these agents have been evaluated in pre-
clinical studies and moved through phase I and 
phase II trials [125]. In one study, SARM treat-
ment of rats for 16  weeks showed increases in 
bone mass and strength thought to be due to AR 
modulation of osteoblast function [126]. Other 
studies evaluating SARMS have shown preven-
tion of bone loss in either orchiectomized or 
ovariectomized rats, as well as increases in bone 
strength [127]. Many of these agents, however, 
have shown either an increased risk of adverse 
events or a lack of efficacy when studied in clini-
cal trials [128, 129].

 Conclusion

Androgens play an important role in skeletal 
development, particularly in determining bone 
size in adults, although their impact on bone mat-
uration and peak bone mass is less clear. Most 
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evidence, however, is indirect and derived from 
states of androgen insensitivity or deficiency, 
either in vitro or in vivo. In addition, androgens 
contribute to bone remodeling in the developed 
skeleton either directly via their action at the AR 
in osteoblasts and/or osteocytes, or indirectly via 
aromatization to estrogens as well by their effects 
on maintaining lean muscle mass and function.

Restoring physiologic levels of androgens, 
particularly T, when deficient in adolescents and 
young adults is paramount to preventing bone 
loss and fractures. In aged men, however, treat-
ment of the age-related decline in T levels has 
shown equivocal benefits on bone metabolism. 
Although recent data suggest improvements in 
bone microarchitecture in elderly men following 
T replacement, fracture data are needed to permit 
comparison of the potential skeletal benefits 
against recognized potential thromboembolic 
and prostate-related adverse events common to 
this population.
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Key Points
• All bisphosphonates inhibit osteoclast- 

mediated bone resorption, reducing the 
accelerated rate of bone remodeling 
found in osteoporotic postmenopausal 
women and hypogonadal men into the 
range found in eugonadal younger 
adults.

• All bisphosphonates approved in the 
United States, Europe and Japan for the 
treatment of osteoporosis in postmeno-
pausal women have been shown to 
decrease the risk of vertebral fractures 
and most have been shown to decrease 
the risk of hip and non-vertebral frac-
tures in placebo-controlled studies 
3–6 years in duration.

• The pharmacokinetic characteristics of 
bisphosphonates are similar to each 
other but differ substantially from most 
other drugs.

• Because the half-life of bisphospho-
nates on bone surfaces is approximately 
1 month, daily, weekly or monthly dos-
ing will result in the same steady-state 
level of drug on the surface of bone  – 
and the effects on bone resorption – if 
the average dose/day is the same.

• Bisphosphonates on bone surfaces may 
be incorporated into newly forming 
bone where they are not pharmacologi-
cally active until they are released by 
new bone resorption. Their half-life in 
bone is approximately 5 years.

• After long-term treatment (3–5  years), 
bisphosphonates released from the bone 
matrix are pharmacologically active and 
will slow, but generally not fully prevent 
bone loss after treatment is interrupted 
for a “drug holiday”.

• The adverse drug reactions (ADRs) 
associated with bisphosphonate use are 
generally consistent with the class, 
although frequency may vary with route 
of administration (GI ADRs with oral 
dosing and acute-phase response-like 
reactions with intravenous dosing). 
Prescribers should be familiar with 
ADRs described in approved Prescribing 
Information of each drug.
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 Introduction

The definition of osteoporosis as “…a disease 
characterized by low bone mass, microarchitec-
tural deterioration of bone tissue leading to 
enhanced bone fragility, and a consequent 
increase in fracture risk” [1] provides a frame-
work for understanding both its pathophysiology 
and pharmacologic effects of a treatment. “Bone 
fragility” is synonymous with “decreased bone 
strength” in this definition. Fractures are the most 
important consequence of osteoporosis but not 
part of its definition. Drugs for the treatment of 
osteoporosis may reduce fracture risk by increas-
ing bone mass, improving bone microarchitec-
ture or both. While bisphosphonates produce 
small increases in the mass of cancellous bone of 
vertebrae and at the ends of long bones where 
most fractures occur in osteoporotic patients, 
these increases appear too small to account for 
the reduction in both vertebral and non-vertebral 
fracture risk observed in clinical trials. The most 
important effect of bisphosphonates on bone 
strength is likely due to their effect on the micro-
architecture of bone. Bisphosphonates have been 
shown to prevent the loss of both cancellous and 
cortical bone in people with normal bone mass 
who are rapidly losing bone (e.g., women after 
menopause or hypogonadal men), thereby pre-
venting osteoporosis that would have occurred in 
the absence of treatment. While it is anticipated 
that preventing osteoporosis in non-osteoporotic 
postmenopausal women who are losing bone 
should reduce future fracture risk, no adequate 
fracture endpoint clinical trials have been con-
ducted. This chapter will include a review of the 
chemistry and mechanism of action of bisphos-
phonates at a molecular, cellular and tissue level 
that have come from both non-clinical and clini-
cal studies. The clinical pharmacology (absorp-
tion, distribution, metabolism and elimination) 
will be reviewed, with an emphasis on the rele-
vance to long-term treatment and prevention of 
osteoporosis with bisphosphonates. Finally, the 
effects of multi-year bisphosphonate treatment 
on fracture risk, bone mineral density (BMD) and 
bone turnover, as well as recognized and poten-
tial adverse drug reactions will be reviewed. The 

focus of this chapter is on the treatment of osteo-
porosis in postmenopausal women and the treat-
ment of osteoporosis in men. The bisphosphonate 
mechanism of action review supplements the 
detailed reviews of Combination Anabolic/
Antiresorptive Therapy in Osteoporosis (Chap. 
18), Osteoporosis in Men (Chap. 20), 
Glucocorticoid Induced Osteoporosis (Chap. 21) 
and Safety Considerations for Osteoporosis 
Therapy (Chap. 24).

 Bisphosphonate Chemistry 
and Physicochemical Properties

Bisphosphonates are not recognized to exist in 
nature and were initially synthesized in the late 
1800s and developed for their ability to chelate 
calcium and inhibit crystallization of insoluble 
calcium salts including hydroxyapatite [2]. 
Etidronate was first synthesized by German 
chemists in 1865 [3]. Several were proposed as 
detergent additives and the initial human applica-
tion was as components of toothpaste to inhibit 
dental calculus formation [4]. Bisphosphonates, 
previously referred to as diphosphonates, are 
analogs of pyrophosphate, but unlike the P-O-P 
bonds of pyrophosphate, the P-C-P bonds of 
bisphosphonates (Fig. 14.1) are both chemically 
stable and not hydrolyzed by any enzymes in 
humans or other vertebrates. The bisphosphonate 
backbone provides high affinity for hydroxyapa-
tite surfaces in bone or sites of ectopic calcifica-
tion. An hydroxyl (OH) group at the R1 position 
results in higher affinity for hydroxyapatite than 
either hydrogen (H) or chlorine (Cl) [5]. The R2 
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Fig. 14.1 Bisphosphonate and pyrophosphate structure
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moiety may also affect affinity for bone hydroxy-
apatite but is the major determinant of a bisphos-
phonate’s intracellular pharmacodynamic effects 
on osteoclasts.

More than 10 bisphosphonates have been used 
in either radionuclide bone imaging or in the 
treatment and prevention of bone disease in 
humans. Tables that follow include the generic 
names of marketed products (that include salt), 
name(s) of the anionic or acid form that generally 
appear in medical literature and the structures 
and chemical names of the acid forms of each 
bisphosphonate [6].

Bisphosphonates used in 99mTc bone imaging 
are presented in Table  14.1. Medronate sodium 
(methylene bisphosphonate, MDP) as a 99mTc 
complex localizes to hydroxyapatite on bone sur-
faces and identifies sites of osteoblast bone forma-
tion. Oxidronate sodium-[(1-hydroxymethylidene) 
bisphosphonate] complexed with 99mTc has prop-
erties like MDP.

Bisphosphonate drugs are used clinically to 
either inhibit hydroxyapatite formation in dis-
eases characterized by soft tissue mineralization 
or inhibit osteoclast bone resorption in diseases 
in which bone resorption exceeds bone forma-
tion. BPs are generally divided into nitrogen- 
containing (N-BP) and non-nitrogen-containing 
bisphosphonates (non-N-BP) based on their 
molecular mechanisms of action as inhibitors of 
bone resorption.

Table 14.2 presents the structure and names of 
the most commonly studied non-nitrogen- 
containing bisphosphonates: etidronate, clodro-
nate and tiludronate. Etidronate inhibits both 
bone mineralization and osteoclastic bone resorp-
tion and was first used as a treatment of myositis 
ossificans to inhibit calcification. An intermittent 
dosing regimen is approved for the treatment of 
osteoporosis in Canada and many European 
countries, but not approved in the United States. 
While clodronate has been studied as a treatment 
of osteoporosis, it is not approved for that use in 
the United States or Canada. Its most common 
use is as a treatment of cancer metastatic to bone 
outside North America. Tiludronate has been 
studied as a treatment of osteoporosis but a dose 
that reduced fracture risk in osteoporotic patients 
was not found.

N-BPs with a non-aromatic nitrogen- 
containing R2 moiety are shown in Table  14.3. 
Alendronate and ibandronate are both marketed 
as oral formulations for the treatment and preven-
tion of osteoporosis. Ibandronate is also mar-
keted as an intravenous (IV) solution administered 
every 3 months. Pamidronate was not developed 
as an oral product due to esophageal toxicity but 

Table 14.1 Bisphosphonates used in 99mTc bone 
imaging
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Table 14.2 Non-nitrogen-containing bisphosphonates
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Table 14.3 Nitrogen-containing bisphosphonates with a non-aromatic nitrogen R2 moiety

Pamidronate disodium Alendronate sodium
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Table 14.4 Nitrogen-containing bisphosphonates with an aromatic nitrogen R2 moiety
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[1-Hydroxy-2-(3-pyridinyl)
ethylidene]
bisphosphonic acid

[1-Hydroxy-2-(1H-imidazol- 1-yl)
ethylidene]
bisphosphonic acid

(1-Hydroxy-2- imidazo[1,2-a]
pyridin-3- ylethylidene)
bisphosphonic acid

Other names: zoledronate Minodronate

has been studied as an intravenous formulation in 
osteogenesis imperfecta. Neridronate is marketed 
in several European countries for osteogenesis 
imperfecta but has not been adequately studied in 
osteoporotic adults.

N-BPs with an aromatic nitrogen are pre-
sented in Table  14.4. Risedronate and zoledro-
nate (zoledronic acid) (intravenous infusion) are 
marketed worldwide for the treatment and pre-
vention of osteoporosis. Minodronate is a com-

mon osteoporosis drug in Japan but not marketed 
in either North America or generally in Europe.

The affinity of BPs for human bone particles 
[7] is generally proportional to their affinity for 
inorganic hydroxyapatite [8]. In bone particles, 
Ki’s based on competitive binding with [14C]
alendronate ([14C]ALN) (Ki’s are estimates of the 
Kd of each bisphosphonate based on the concen-
tration that inhibits 50% of [14C]ALN binding, 
the Kd of [14C]ALN binding and [14C]ALN con-
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centration [7]) were alendronate 61 μM, ibandro-
nate 116 μM, risedronate 85 μM and zoledronate 
81 μM. The Ki for clodronate, 806 μM, was sub-
stantially higher and consistent with its ten-fold 
lower potency as an inhibitor of bone resorption 
in vivo [9]. Tiludronate has an intermediate Ki of 
173 μM. A hydroxyl group is present at the R1 
position of bisphosphonates with higher affinity 
for hydroxyapatite and absent in lower affinity 
bisphosphonates. The affinity of clodronate for 
inorganic hydroxyapatite crystals was also lower 
than that of alendronate, but only four-fold lower. 
Affinity of bisphosphonates for bone is only one 
factor that determines the potency of bisphospho-
nates as inhibitors of bone resorption. Their 
molecular mechanism of action-based potency is 
of equal importance.

 Bisphosphonate Molecular 
Mechanisms of Action

While bisphosphonates were initially studied as 
inhibitors of mineralization, this is an unwanted 
side effect of a drug intended to prevent bone 
resorption. Inhibition of mineralization appears 
to be a physicochemical phenomenon that occurs 
at the surface of hydroxyapatite crystals at sites 
of bone formation and ectopic mineralization in 
some diseases. While several secreted proteins 
(e.g., tissue-nonspecific alkaline phosphatase 
[10]) are required for normal bone mineraliza-
tion, bisphosphonates are not recognized to inter-
fere with their function [11]. Affinity of a 
bisphosphonate for hydroxyapatite in bone and 
its concentration at sites of bone formation deter-
mine whether inhibition of mineralization occurs 
in vivo.

Once bisphosphonates were shown to inhibit 
bone resorption [12, 13], they were screened to 
identify potential candidates for human diseases 
characterized by high rates of osteoclastic bone 
resorption through in vitro assays using isolated 
osteoclasts and in vivo measures of their ability 
to inhibit bone resorption [14, 15]. In vivo assays 
were also used to eliminate bisphosphonates that 
inhibit mineralization at doses like those that 
inhibit bone resorption. Etidronate was shown to 

inhibit mineralization at doses required to inhibit 
resorption [16] while clodronate could inhibit 
bone resorption at a dose that did not inhibit min-
eralization. However, the molecular mechanism 
of actions of osteoclast inhibition was not estab-
lished until the late 1990s.

 Non-nitrogen-Containing 
Bisphosphonates

Non-N-BPs etidronate and clodronate were 
shown to inhibit the growth of amoebae of the 
slime mold Dictyostelium discoideum that was 
studied as an osteoclast analog because it accu-
mulated bisphosphonates via pinocytosis [17]. 
Non-N-BPs are incorporated into adenine nucle-
otides that are non-hydrolysable analogs of 
ATP.  They also inhibit aminoacylation of 
tRNA.  The consequence of these effects is cell 
death [18]. This mechanism is also observed in 
mammalian cells including osteoclasts [19, 20]. 
In contrast, incorporation of N-BPs into analogs 
of ATP is either absent or minimal. Additional 
details on the biochemistry of non-N-BP inhibi-
tion of osteoclasts may be found in a review by 
Rogers et al. [21].

 Nitrogen-Containing 
Bisphosphonates

N-BPs were shown to be potent inhibitors of 
bone resorption in the early 1980s, but their 
molecular mechanism of action was not eluci-
dated until the late 1990s. N-BPs were initially 
shown to inhibit several metabolic pathways 
important for osteoclast differentiation and activ-
ity including several protein tyrosine phospha-
tases [22] but inhibition only occurred at high 
concentrations and did not correlate with the rel-
ative potency of N-BP inhibition of bone 
resorption.

Studies reported in the late 1990s indicated 
that N-BPs reversibly inhibit osteoclast activity 
and at high doses trigger apoptosis by reducing 
geranylgeranyl diphosphate (GGPP) leading to 
insufficient geranylgeranylation of regulatory 
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proteins required for normal cytoskeletal func-
tion and survival [23, 24]. As illustrated in 
Fig.  14.2, N-BPs specifically inhibit farnesyl 
diphosphate synthase, a key enzyme in the meva-
lonate pathway, required for the biosynthesis of 
cholesterol and the isoprenoid lipids geranylgera-
nyl diphosphate (GGPP) and farnesyl diphos-
phate (FPP) [25–27]. Non-N-BP bisphosphonates 
do not inhibit farnesyl diphosphate synthase.

The importance of the mevalonate pathway in 
N-BP molecular mechanism of action of N-BP 
inhibition of osteoclasts emerged over several 
years. The cholesterol synthesis pathway was 
identified as a site of bisphosphonate action when 

the N-BP incadronate [28] was shown to inhibit 
squalene synthase. However, alendronate and 
pamidronate were very weak inhibitors of squa-
lene synthase even though both inhibited total 
sterol biosynthesis (168 and 420 nM IC50, respec-
tively) [28], suggesting they may inhibit enzymes 
involved in the synthesis of farnesyl diphosphate 
from mevalonate. Demonstration that statins 
(HMG-CoA reductase inhibitors) which inhibit 
mevalonate synthesis could inhibit monocyte/
macrophage cell lines [24] and bone resorption 
in  vitro provided further support to the impor-
tance of this metabolic pathway in N-BP action. 
However, inhibition of cholesterol synthesis in 
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(IPP)

(x2)

Farnesyl Diphosphate
(FPP)

Geranylgeranyl Diphosphate
(GGPP)

Dimethylallyl Diphosphate
(DMAPP)

N-BP Inhibition

HMG-CoA
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Geranylgeranyl Diphosphate
Synthase

Geranylgeranyl
Transferase
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Fig. 14.2 Protein isoprenylation via the mevalonate 
pathway. Intermediates or side products of the mevalonate 
pathway for cholesterol biosynthesis include the 
15- carbon intermediate farnesyl diphosphate (FPP) and 
20-carbon isoprenoid geranylgeranyl diphosphate 
(GGPP). Several intracellular regulatory proteins are 
modified by transferring a farnesyl or geranylgeranyl 
group to a carboxyl terminal cysteine residue with the iso-
prenoid geranylgeraniol starting with mevalonate. N-BPs 
specifically block farnesyl diphosphate synthase resulting 

in depletion of GGPP and FPP.  Inadequate geranylgera-
nylation of small GTPases results in loss of osteoclasts 
ruffled border and reversible inhibition of bone resorption 
that can be reversed (in vitro) by restoring GGPP by add-
ing geranylgeraniol. High concentrations of N-BPs result 
in osteoclast apoptosis that can also be blocked by adding 
geranylgeraniol. Specific non-BP inhibitors of farnesyl-
ation do not block osteoclastic bone resorption and farne-
sol cannot block N-BP inhibition of osteoclasts
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osteoclasts was not the mechanism of N-BP 
action, as osteoclasts have an alternate source of 
cholesterol from low-density lipoproteins (LDL) 
and supplementation with cholesterol has no 
effect on the inhibitory action of alendronate on 
bone resorption [23].

In addition to its role as a precursor of cho-
lesterol, farnesyl diphosphate is converted to 
geranylgeranyl diphosphate (Fig.  14.2). 
Geranylgeranyl transferase attaches geranylgera-
nyl moieties (geranylgeranylation) to a variety of 
regulatory proteins including Rho and other 
small GTPases required for osteoclast cytoskele-
ton function and mTOR [29], Bim [30] and 
MST1 [31] that are required for osteoclast sur-
vival. Farnesyl transferase results in the farnesyl-
ation of other cellular proteins.

The ability of N-BPs to inhibit farnesylation 
and geranylgeranylation was initially shown in a 
monocyte/macrophage cell line [24]. Inhibition 
of cell death due to N-BPs in macrophages could 
be partially suppressed by farnesyl diphosphate 
or geranylgeranyl diphosphate. Subsequent stud-
ies in osteoclasts showed that inhibition by 
N-BPs could be prevented by the addition of 
geranylgeraniol, which is converted intracellu-
larly to geranyl diphosphate [23]. The addition of 
farnesol, which can be converted intracellularly 
to farnesyl diphosphate, can restore the function 
of the monocyte/macrophage cell line but it can-
not restore the function of osteoclasts treated 
with N-BPs or prevent osteoclast apoptosis [31].

It is important to keep in mind that N-BPs’ 
inhibition of farnesyl diphosphate synthase, 
reduction in geranylgeranyl diphosphate and 
reduction of geranylgeranylation of regulatory 
proteins is dose-dependent. Lower doses produce 
reversible inhibition of osteoclast function. Only 
high doses of N-BPs sufficiently deplete geranyl-
geranyl diphosphate to produce apoptosis [32].

 Bisphosphonate Pharmacology 
at a Bone Cell and Tissue Level

Knowledge of the pharmacokinetics of bisphos-
phonates is critical to understanding their effects 
on bone cells and the function of bone related to 
its biomechanical properties and reservoir of cal-

cium and to a lesser extent, phosphate. The fol-
lowing sections review the absorption, 
disposition, metabolism and elimination (ADME) 
of bisphosphonates. Citation of the source of data 
presented include publications in the peer- 
reviewed medical literature when available. In 
some cases, the only source of data is the product 
labeling approved by regulatory agencies. 
Product labeling approved by a regulatory agency 
is a synopsis of information about a drug product 
that has generally undergone review of source 
data regulatory agency scientists that is as rigor-
ous as that of a peer-reviewed publication.

 Absorption

Bisphosphonates as a class have low bioavailabil-
ity following oral administration. Moreover, food 
and beverages other than water reduce bioavail-
ability observed after an overnight fast up to 90%. 
Bioavailability reported in product labeling is gen-
erally based on dosing following an overnight fast 
and 2–5  hours before a standardized breakfast. 
Under these conditions, bioavailability of alendro-
nate averaged 0.64% for doses ranging from 5 to 
70 mg, risedronate 30 mg was 0.63% and ibandro-
nate 2.5 mg was 0.6% [33–35]. Solutions of alen-
dronate have the same bioavailability as tablets. 
While alendronate and risedronate absorption is 
dose-proportional, the fractional absorption of 
ibandronate is nonlinear at doses between 50 and 
150 mg [36]. The AUC values (adjusted for dose), 
relative to the 50-mg dose, were 130% for the 100-
mg and 191% for the 150-mg dose.

The bioavailability of the non-N-BP etidro-
nate (3–7%) [37] is substantially higher than that 
of N-BPs. Greater bioavailability was observed 
with higher doses. Clodronate bioavailability 
(1–2%) [38] is only slightly greater than that of 
N-BPs. Higher bioavailability of non-N-BPs may 
be related to higher doses (mg/kg) of non-N-BP 
studied.

Absorption in a “real world” setting may dif-
fer from standard conditions (fasting, several 
hours before food) as all bisphosphonates have 
food interactions and fractional absorption may 
not be constant among the doses that have been 
studied. Bioavailability is about 40% lower when 

14 Bisphosphonates: Mechanisms of Action and Role in Osteoporosis Therapy



284

alendronate is taken 1 or ½ hour before a meal. 
Risedronate bioavailability is reduced by 55% if 
taken ½  hour before breakfast and 40% when 
taken 1 hour before breakfast. Ibandronate bio-
availability is decreased substantially if taken 
less than 1  hour before a meal. Risedronate 
sodium is available as a delayed-release (enteric- 
coated) tablet intended to be taken with food. The 
bioavailability of the risedronate sodium 35 mg 
delayed-release tablet administered after a high- 
fat breakfast was like risedronate sodium 35 mg 
immediate-release tablet dosed 4 hours before a 
meal in one study and was approximately two- to 
four-fold greater than the immediate-release 
35 mg tablet administered 30 minutes prior to a 
high-fat breakfast [39].

 Distribution

A model for the pharmacokinetics of bisphos-
phonates is shown in Fig. 14.3. As the first N-BP 

developed for the treatment of osteoporosis, 
alendronate PK is the most thoroughly studied 
and is the focus of this presentation. The PK of 
other N-BPs and Non-N-BPs is similar, although 
some quantitative differences will be discussed. 
Elimination of alendronate after intravenous 
dosing has been studied in postmenopausal 
women [40] and PK and metabolism using [14C]
alendronate studied in women with breast cancer 
[41]. Data from animal studies are presented as 
some PK parameters cannot be assessed in 
humans.

Following IV administration in animals and 
humans, BPs are cleared from plasma with a 
half-life of 1–2 hours [42]. Less than 5% is found 
in non-calcified tissues 1  hour following an IV 
dose in animals. In contrast, 30% of alendronate 
found in bone 5 minutes after an infusion in rats, 
approximately 55% in bone after 1  hour, and 
approximately 62% at 6, 24 and 72 hours after 
infusion [43]. Less than 1% is present in non- 
calcified tissue 6 or more hours after infusion.

Bone Compartment

Bone
surface

Bone
ECFPlasma

Enteral Absorption,
Intravenous Infusion

Urine

Non-Bone
ECF

Bone
Matrix

Fig. 14.3 Bisphosphonate pharmacokinetics model. 
Bisphosphonates (BPs) enter blood plasma after enteral 
absorption or intravenous administration and rapidly 
equilibrate with the Non-Bone ECF (extracellular fluid). 
Intracellular accumulation is negligible. BPs in Plasma 
flowing to the kidneys is eliminated in urine. 
Bisphosphonates in Plasma flowing to the Bone 
Compartment (dotted rectangle) initially enter Bone 
ECF.  They may either bind to hydroxyapatite on Bone 
Surfaces or exit the Bone Compartment and re-enter sys-

temic Plasma. The affinity of BPs for hydroxyapatite and 
very high “concentration” of binding sites on Bone 
Surfaces greatly favors binding to Bone Surfaces. Bone 
Surface BPs at sites of new bone formation may be incor-
porated into mineralized Bone Matrix. Other Bone 
Surface BP re-enter Bone ECF and may either re-bind to 
a Bone Surface or re-enter systemic Plasma. BPs in min-
eralized Bone Matrix may be resorbed by osteoclasts and 
re-enter Bone ECF or Bone Surface, but do not leave the 
Bone Matrix unless resorbed by osteoclasts
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Distribution of bisphosphonates in bone 
is related to a combination of blood flow and 
rate of bone formation and resorption. It is 
illustrated by the localization of radionuclide 
in 99mTc-MDP bone imaging. In one report of 
inadvertent intra- arterial injection, the great 
majority of uptake was in the forearm distal 
to the injection site [11]. In studies in mice, 
4 hours after dosing, [3H]alendronate is found 
on bone surfaces preferentially localized under 
osteoclasts but not within osteoclasts or other 
bone cells [44]. Seven weeks post- dose, [3H]
alendronate is found within recently mineral-
ized bone matrix, with very little remaining on 
bone surfaces.

Following an oral or intravenous dose, 
bisphosphonates are rapidly cleared from plasma 
and ECF and are found only on bone surfaces. 
Alendronate (and other N-BPs) are relatively 
tightly bound thus bone lining cells, osteoblasts 
and osteocytes are exposed to alendronate in 
Bone ECF.  Osteoclasts are the only bone cell 
exposed to high levels of BPs. The resorption 
lacuna under an osteoclast is isolated and acidi-
fied to promote resorption of the hydroxyapatite. 
BPs on the bone surface are also mobilized and 
their concentration in resorption lacunae has 
been estimated to reach 1 mM [11]. While anionic 
bisphosphonates do not readily cross the plasma 
membrane of most cells, they enter osteoclasts 
through endocytosis of resorbed bone compo-
nents in resorption lacunae. In animal studies, 
[3H]alendronate is found with osteoclasts 
12–15 hours after it is administered but not found 
within osteoblasts [44].

 Metabolism

There is no apparent metabolism of N-BPs in 
humans or other animals studied. Non-N-BPs 
may be incorporated into analogs of ATP that are 
not hydrolysable and impair a variety of an osteo-
clast’s metabolic processes [21]. As this occurs 
only in osteoclasts that take up non-N-BPs 
metabolism does not play an important role in the 
clearance of bisphosphonates.

 Elimination

Renal excretion is the only route of elimination 
and occurs through both glomerular filtration and 
tubular secretion. The secretory transport 
 mechanism has not been characterized but 
appears to be shared by alendronate and etidro-
nate [42]. Bisphosphonates are not metabolized 
and the fraction excreted via the GI tract much 
less than 1% [43, 45].

Bisphosphonates differ from most drugs 
because approximately 50% of an absorbed dose 
is initially distributed to bone surfaces with a 
large fraction of that pool retained in mineralized 
matrix of newly formed bone of the skeleton, 
then slowly resorbed and eliminated by renal 
excretion over many years. BPs are not pharma-
cologically active if they remain within the min-
eralized bone matrix. However, if released by an 
osteoclast resorbing mineralized bone matrix 
containing BPs, the BP released may inhibit the 
activity of that osteoclast or be redistributed to 
other bone surfaces and inhibit other osteoclasts. 
“Recycled” BPs have the potential to add to the 
effect of continued treatment or provide persis-
tent inhibition of bone resorption for years after 
the end of dosing.

Figure 14.3 provides a model of bisphospho-
nate pharmacokinetics that integrates data from 
clinical and non-clinical studies to describe elim-
ination of bisphosphonates. It also provides a 
framework for estimating the skeletal accumula-
tion of bisphosphonates over time and effects of 
prior treatment on bone resorption when treat-
ment is either continued or interrupted. Features 
of the model follow.

The Bone Compartment (Fig.  14.3) contains 
three pools of BPs. Approximately 99% of BPs in 
the body more than 1 day after administration are 
in the Bone Compartment, and the great majority 
is on initially on a Bone Surface. Non-calcified 
tissue does not retain BPs. BPs enter the Bone 
Compartment by moving from blood Plasma in 
arteries entering bone to Bone ECF. BP in Bone 
ECF may bind to hydroxyapatite on the Bone 
Surface or re-enter venous blood Plasma leaving 
bone. The high affinity of BPs for hydroxyapatite 
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on Bone Surfaces and very high Bone Surface 
area results in retention of almost all BPs enter-
ing the Bone Compartment on the Bone Surface. 
BPs on the Bone Surface may re-enter Bone ECF 
but – due to the compartmentalization of BPs in 
bone  – more often bind to a different Bone 
Surface rather than enter venous blood Plasma 
and exit the Bone Compartment to the systemic 
Plasma.

BPs on a Bone Surface where new bone matrix 
is calcifying are “trapped” in the Bone Matrix. 
BPs in Bone Matrix cannot re-enter either Bone 
ECF or Bone Surface pools unless an osteoclast 
resorbs the mineralized Bone Matrix that con-
tains them. There is no physicochemical diffu-
sion of Bone Matrix BPs to other pools. While 
BPs within Bone Matrix do not degrade over 
time, they are not pharmacologically active 
unless they are resorbed by an osteoclast. BPs on 
a Bone Surface not undergoing new bone forma-
tion may diffuse back into the Bone ECF. Thus, 
the local rate of new bone formation determines 
where in the skeleton BPs are deposited in new 
Bone Matrix. More BP accumulates in cancel-
lous Bone Matrix where bone remodeling rates 
are high, and less BP accumulates on periosteal 
surfaces or in cortical bone where remodeling 
rates are relatively low. 99mTc-MDP bone scans 
illustrate wherein the skeleton bisphosphonates 
initially distribute and may subsequently accu-
mulate [11].

Elimination kinetics of bisphosphonates are 
difficult to measure in humans for two reasons: 
(1) the concentrations in plasma are generally 
below the limit of accurate quantitation and (2) 
subjects must be followed for years to ensure that 
the terminal phase of elimination has been 
reached. As bisphosphonates are not metabolized 
and the only route of elimination is renal, mea-
surement of total BP in 24-hour urine collections 
may be used to estimate the daily elimination 
rate. Terminal elimination half-life of alendro-
nate was 200 days in rats and 3 years in dogs [42, 
46]. Terminal elimination of BPs in humans has 
only been adequately studied for alendronate. 
Excretion of alendronate after IV administration 
daily for 4  days was tracked by measuring 
24-hour excretion for up to 2 years [40]. Terminal 

elimination half-life was calculated in each 
patient by log-linear regression of the percentage 
retained versus time curve between days 240 and 
540. Intermediate elimination half-lives were 
estimated after subtracting the residual retention. 
Approximately 50% of the alendronate dose was 
retained for 1 week and 17% of the dose retained 
at 1 week was excreted over the next 6 months. 
Over the next 12 months, only 2% of the alendro-
nate retained at month 6 was excreted. The termi-
nal elimination half-life calculated from the mean 
residual whole-body retention was 10.5  years 
(95% CI 5 7.9–13.2 years). An alternate regres-
sion method for calculating terminal elimination 
half-life provided a similar estimate (mean 
10.9 years, range 5.4–19 years). The half-life for 
the first three phases were calculated as 0.80 days 
(days 4–7), 6.6 days (days 9–16) and 35.6 days 
(days 30–180). Elimination of risedronate has 
been evaluated in relatively short studies, with 
only 28 days of follow-up. Excretion described in 
Pharmacokinetics section of the U.S. Prescribing 
Information [34] notes that approximately half of 
the absorbed dose is excreted in urine within 
24 hours. However, 85% of an intravenous dose 
was recovered in urine over 28 days. A “terminal 
exponential half-life” was reported as 561 hours 
(23.4 days). A 28-day follow-up is far too short to 
allow an estimated terminal elimination that 
includes BP in mineralized bone. Thus, what is 
reported as “terminal exponential half-life” prob-
ably represents the half-life of elimination of 
risedronate on the surface of bone. The true ter-
minal elimination half-life of risedronate and 
other N-BPs is unknown but probably like that of 
alendronate.

Matching the data derived from elimination 
studies with the model results in several predic-
tions. Over weeks to perhaps a few months after 
administration, excretion of BP reflects its con-
centration on a Bone Surface. Measuring excre-
tion shortly after a dose of BP (e.g., weeks to a 
few months) provides a rough estimate of its half- 
life on the Bone Surface. In the study of alendro-
nate, the half-life of the penultimate elimination 
phase was 35.6 days [40] and in the study of rise-
dronate, the half-life measured over 28 days post 
administration was 23.4 days [34]. In summary, 
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the half-life of BPs on the Bone Surface is esti-
mated to be 5 weeks for alendronate and 3 weeks 
for risedronate. In the absence of head-to-head 
data from an elimination study of any two 
bisphosphonates, it is not possible to know 
whether true differences exist.

The rate of accumulation of a bisphosphonate 
may be estimated if its bioavailability and long- 
term fractional skeletal retention (i.e., after 4–5 
bone surface half-lives) are known. For alendro-
nate with an oral bioavailability of 0.64% and 
33% retention 6 months after IV administration 
[40], the skeletal accumulation would be about 
21  μg per day after a 10  mg daily oral dose. 
Adjusting for the observed terminal elimination 
half-life, over 5 years of alendronate 10 mg daily 
(or 70 mg weekly), the total skeletal accumula-
tion would be about 40 mg and over 10 years of 
10 mg daily, about 75 mg.

The half-life of a BP in the Bone Matrix is 
substantially shorter than the terminal elimina-
tion half-life from the body, for two reasons. 
First, only 50% of BP leaving the Bone 
Compartment is excreted in urine. The other 50% 
re-enters the Bone Compartment and may be re- 
deposited in newly mineralizing Bone Matrix. 
Second, a portion of BP released from Bone 
Matrix binds to another Bone Surface and may be 
re-deposited in newly mineralizing Bone Matrix. 
After dosing is stopped, the concentration of BP 
on Bone Surfaces that is derived from resorption 
of alendronate with the Bone Matrix decreases 
with the same half-life as the terminal elimina-
tion half-life. To estimate the amount of BP recy-
cled from bone during or after long-term 
treatment only the prior dose, duration of prior 
treatment, fraction of absorbed dose retained in 
bone and terminal elimination half-life are 
needed.

During long-term dosing, the BP re-cycled 
from the Bone Matrix represents an additional 
source of BP reaching the Bone Surface. The 
total BP reaching the Bone Surface may be esti-
mated based on the BP in the Bone Matrix from 
prior administration, its half-life in the bone 
matrix and the current BP dose. It is estimated 
that after 10 years of treatment with oral alendro-
nate (10  mg daily), the amount of alendronate 

released daily from the skeleton would be 
approximately 25% of that absorbed from the 
gastrointestinal tract [33]. If dosing were contin-
ued after 10  years of treatment, a 10-mg daily 
dose would have the effect of 12.5  mg, and if 
interrupted after 10  years of treatment, the 
 post- treatment effect from re-cycled alendronate 
would be like a 2.5-mg daily oral dose. After 
5  years of treatment with alendronate 10  mg 
daily, the post-treatment effect from re-cycled 
alendronate would be like a 1.5-mg daily oral 
dose. Based on the results of a dose-ranging 
study of osteoporotic women treated with 1, 2.5, 
and 5 mg daily [47], a 1.5-mg daily dose of alen-
dronate would slow, but not fully prevent bone 
loss at the spine and proximal femur.

 Pharmacokinetics of Bisphosphonates 
Administered at Weekly, Monthly, 
and Yearly Intervals
All the N-BPs administered orally (alendronate, 
risedronate, ibandronate and minodronate) were 
initially studied for the treatment of osteoporosis 
using a daily dosing regimen. Weekly dosing 
was proposed as it is more convenient, likely to 
be similarly effective as daily dosing and likely 
to have better gastrointestinal tolerability than 
daily dosing [48]. In addition, the early elimina-
tion half-life from the Bone Surface – the site of 
pharmacological activity – was approximately 3 
(risedronate) to 5  weeks (alendronate) [40]. 
Thus, the concentration of alendronate on Bone 
Surfaces should vary only slightly when alen-
dronate was dosed once weekly. Prior to clinical 
studies in osteoporotic subjects, studies in ani-
mals indicated that the effect of alendronate on 
bone mass was similar when dosed weekly or 
eight times per month if the same cumulative 
dose per month was used. When weekly dosing 
regimens of alendronate, risedronate and mino-
dronate were developed, the cumulative dose 
was held constant. As fractional bioavailability 
of alendronate and risedronate of daily and 
weekly doses do not differ across the 5-mg daily 
to 70-mg dose range [45, 49], 35-mg weekly 
should result in the same cumulative absorption 
as 5-mg daily for 7  days and a 70  mg weekly 
dose would equal 10  mg daily for 7  days. 
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Therapeutic equivalence studies with BMD end-
points demonstrated equivalent BMD changes 
with daily versus weekly regimens of each drug 
[50–52]. As the 2.5 mg daily dose of ibandronate 
failed to reduce the risk of non- vertebral frac-
tures, doses higher than 75 mg (2.5 mg/d × 30 d) 
were studied during the development of a once-
monthly regimen. The cumulative absorbed dose 
of ibandronate 150 mg chosen for once-monthly 
treatment is estimated to be approximately four-
fold higher than the cumulative absorbed dose 
with 2.5 mg daily for 30 days. First, the 150-mg 
monthly dose is two-fold greater than 2.5  mg 
daily for 30 days. Second, the fractional absorp-
tion of ibandronate is nonlinear at doses between 
50 and 100 mg [36]. The AUC values, relative to 
the 50-mg dose, were 130% for the 100-mg and 
191% for the 150-mg dose. The four-fold greater 
cumulative absorbed dose achieved with iban-
dronate 150 mg monthly dose produced greater 
lumbar spine and proximal femur BMD changes 
versus 2.5 mg daily after both 1 and 2 years of 
treatment [53, 54].

Zoledronate (zoledronic acid injection) is the 
only N-BP dosed by intravenous infusion once a 
year for the treatment of osteoporosis. 
Pharmacokinetic profile has only been studied 
for 28 days post infusion and an apparent elimi-
nation half-life during that brief follow-up was 
> ½  year [55]. While no adequate studies of 
zoledronate terminal elimination half-life have 
been published, it is likely to be similar to that 
of alendronate because its fractional uptake by 
bone, renal elimination and initial (28-day) 
pharmacokinetic profile are similar to 
alendronate.

 Pharmacokinetics of Bisphosphonates 
After Treatment Is Discontinued
During chronic treatment with a bisphospho-
nate administered daily or weekly for at least 
6 months concentrations on bone surfaces reach 
a steady state as reflected by biochemical mark-
ers of bone resorption that are constant during 
multi-year treatment. After discontinuation of 
bisphosphonate treatment, the concentration of 
drug on the surface of bone gradually decreases 
as BPs on bone surfaces are covered by newly 

formed bone matrix or dissociate, re-enter the 
general circulation and are terminally elimi-
nated by the kidney (as illustrated in Fig. 14.3). 
Bone resorption increases at a rate proportional 
to its half-life on the surface of bone (estimated 
to be 5 weeks for alendronate and 3 weeks for 
risedronate). In a study of postmenopausal 
women treated for a median of 5.2 years, dis-
continuation of alendronate resulted in a mean 
increase of urine NTX/creatinine (N-terminal 
cross-linked telopeptides of type I collagen/cre-
atinine) of 44.2% in 3  months and 63.6% in 
12 months [56]. Serum CTX (C-terminal cross-
linked telopeptides of type I collagen) increased 
100.7% and 165.8% over the same periods. 
Zoledronic acid is administered once yearly as 
a single 5 mg IV resulting in a large increase in 
bone surface concentrations and a large decease 
in bone resorption. Serum CTX decreased 
(94%) as did urine NTX/creatinine (67%) 
1 week after administration in a study of post-
menopausal women [57]. Suppression of bone 
resorption waned over 3  months to approxi-
mately 80% and 57%, respectively. Six months 
after administration serum CTX was 74% less 
than baseline. In a separate study of osteopenic 
postmenopausal women, the decrease in serum 
CTX was 86% (1  month), 66% (12  months), 
and 48% (2 years) after a single dose of zole-
dronic acid 5 mg IV [58]. The same pattern of 
prompt reduction of bone resorption followed 
by gradual increase a stable level that is about 
60% below baseline (prior to the initial dose) 
was observed after each of three annual doses 
of zoledronic acid [59]. The effect of a single 
dose of zoledronic acid (1, 2.5, or 5 mg IV) on 
BMD and biochemical makers of bone remod-
eling over 5 years was studied in a 3-year pla-
cebo-controlled study of postmenopausal 
women with a 2-year open extension [60]. 
Serum CTX decreased 74% from baseline in 
the 5 mg group at 1 year and remained below 
baseline after 2 (53%), 3 (42%), 4 (29%), and 5 
(27%) years.

Inhibition of resorption a year or more after 
the last dose of a bisphosphonate is likely due to 
recycling of the drug deposited within the bone 
matrix, and the magnitude of the persistent effect 
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a function of the cumulative dose and potency of 
the bisphosphonate.

 Bisphosphonate Mechanism 
of Action on Bone Strength

Several bisphosphonates have been shown to 
reduce the risk of fractures in osteoporotic post-
menopausal women that are summarized later in 
this chapter. While this effect must be mediated 
through an increase in bone strength, it has not 
been established precisely how they increase bone 
strength. There are several potential mechanisms.

 Bisphosphonates Strengthen Bone 
by Increasing Bone Mass

Several non-clinical and clinical studies have 
demonstrated that treatment with bisphospho-
nates prevents loss of bone due to estrogen defi-
ciency. Bones of animals treated with 
bisphosphonates are stronger in ex vivo biome-
chanical testing in both bone loss prevention and 
osteoporosis treatment models. The currently 
marketed N-BPs have all been shown to reduce 
the risk of vertebral compression fractures, and 
several  – alendronate, risedronate and zoledro-
nate – have been shown to reduce the risk of hip 
and/or non-vertebral fractures in postmenopausal 
osteoporotic women. However, several lines of 
evidence indicate that changes in bone mass (as 
measured by DXA BMD) are only part of the 
story [61]. Small changes in BMD result in 
greater than expected reductions in fracture risk 
[62, 63] and fracture risk at spine and proximal 
femur is reduced long before maximal changes in 
BMD occur [64–66].

 Bisphosphonates Strengthen Bone 
by Improving Bone Architecture

The strength of cancellous (trabecular) bone is 
determined in large part by the connectivity of 
the “plates” and “struts” of trabecular bone and is 
one feature of bone microarchitecture [67]. 

Trabecular connectivity decreases when cancel-
lous vertebral bone is lost in osteoporosis and the 
trabecular connectivity of cancellous vertebral 
bone better correlates with compressive strength 
than simple assessment of bone mass [68]. 
Bisphosphonates have been demonstrated to pre-
serve trabecular structure in animal studies. 
While the same preservation should occur in 
osteoporotic patients treated with bisphospho-
nates bone samples needed to test this hypothesis 
can’t be obtained in human studies. Thus, preser-
vation of trabecular connectivity remains a theo-
retical mechanism.

 Bisphosphonates Reduce Abnormally 
High Bone Remodeling

While normal bone remodeling is essential to 
ensure the availability of calcium and to repair 
fatigue damage in bone, the high rate of bone 
remodeling in postmenopausal osteoporotic 
women (on average, three-times the premeno-
pausal rate [69]) results in both progressive 
declines in trabecular and cortical bone mass. It 
also reduces bone strength by impairing microar-
chitecture through both loss of trabecular con-
nectivity and creating stress risers at sites of bone 
resorption [70] where the resorption lacuna 
causes focal thinning of a plate or strut. Moreover, 
the material property of bone is (transiently) 
impaired as recently formed bone at sites of 
remodeling is relatively weak until fully mineral-
ized [71]. While these hypotheses are very rea-
sonable, they are very difficult to test 
experimentally. Bisphosphonates have been 
shown to reduce remodeling quickly to normal 
premenopausal rates and to produce some of 
their effect on BMD by closing the remodeling 
transient [72, 73]. The hypothesis that treatment 
with bisphosphonates increases bone strength by 
reducing both stress risers and the proportion of 
newly mineralized bone explains why reductions 
in fracture risk occur more quickly than changes 
in BMD. Unfortunately, it will remain an untest-
able theory until non-invasive in vivo micro-CT 
can measure bone microarchitecture and local 
density with at least ten-fold greater resolution.
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 Treatment of Osteoporosis 
with Bisphosphonates

 Etidronate

Etidronate is a non-nitrogen containing bisphos-
phonate approved for treatment of postmeno-
pausal osteoporosis in Canada and Europe in the 
early 1990s, but not in the United States. The 
phase III study of 429 postmenopausal osteopo-
rotic women with 1–3 prior vertebral compres-
sion fractures utilized an intermittent cyclical 
treatment for 2  years. Each cycle included oral 
etidronate 400 mg daily for 14 days followed by 
calcium 500 mg (as carbonate) daily for 74 days, 
with cycles repeated during chronic treatment. 
While the vertebral fracture rate was lower in the 
etidronate group (42.3 vs. 62.9 per 1000 patient- 
years) after 2  years of treatment [74], the inci-
dence was not different when treatment was 
extended to 3 years [75]. A meta-analysis of 13 
clinical trials of intermittent cyclical etidronate, 
including 1010 study participants, suggested a 
reduction in vertebral fractures with a pooled 
relative risk of 0.6 (95% CI 0.41–0.88) and dem-
onstrated no effect on non-vertebral fractures 
with a pooled relative risk of 1.00 (95% CI 0.68–
1.42). Cyclic intermittent etidronate increased 
bone density in the lumbar spine and femoral 
neck after 3 years of treatment by 4.27% (95% CI 
2.66–5.88) and 2.19% (95% CI 0.43–3.95), 
respectively [76]. A subsequent meta-analysis of 
eight studies that used different selection criteria 
reported lower risk of vertebral fractures 
(RR = 0.59; 95% CI 0.36–0.96) [77]. Neither hip 
nor other non-vertebral fracture risk was reduced. 
Due to its limited efficacy, use is no longer 
common.

 Alendronate

Alendronate is approved worldwide for the treat-
ment of osteoporosis in postmenopausal women 
(10  mg daily tablet, 70  mg weekly tablet and 
70 mg oral solution or effervescent tablet). It is 
also approved for the treatment of osteoporosis in 
men and glucocorticoid-induced osteoporosis 

(GIOP) although the GIOP dose for men and pre-
menopausal women is 5 mg daily and for post-
menopausal women not receiving estrogen is 
10 mg daily [78]. Alendronate is also approved 
for prevention of osteoporosis in postmenopausal 
women at 5 mg daily and 35 mg weekly doses.

Initial approval was based on pooled data 
from two identical double-blind, placebo- 
controlled studies together enrolling 994 post-
menopausal women with spine BMD 
T-score  ≤  −2.5 treated with alendronate (5 or 
10 mg daily for 3 years or 20 mg for 2 years fol-
lowed by 5  mg for 1  year) or placebo [79]. 
Treatment with alendronate was associated with 
a 48% reduction in the proportion of women with 
new vertebral fractures (3.2% vs. 6.2% in the pla-
cebo group; p = 0.03). Risk reduction was consis-
tent in women < or ≥65 years and in those with or 
without prior fractures. A meta-analysis of 5 
phase II or III studies of postmenopausal women 
treated with alendronate (or placebo) for at least 
2  years found a non-vertebral fracture relative 
risk of 0.71 (p = 0.048) in those treated with alen-
dronate [80].

The fracture intervention trial (FIT) was con-
ducted to assess the effect of alendronate on frac-
tures in 6459 postmenopausal women aged 
55–81  years old with low femoral neck bone 
mineral density [64, 81]. FIT included two sub- 
studies. The FIT vertebral fracture study included 
2027 women with a femoral neck BMD ≤ 0.68 g/
cm2 (Hologic DXA) and at least 1 prior vertebral 
fracture (confirmed by spine radiographs) who 
were randomly assigned placebo (1005) or alen-
dronate (1022) and followed for 36 months. The 
dose of alendronate was initially 5 mg daily and 
was increased to 10 mg daily at 24 months, with 
maintenance of the double-blind. Seventy-eight 
(78) of women in the alendronate group had one 
or more new morphometric vertebral fractures 
compared with 145  in the placebo group 
(RR  =  0.53; 95% Cl 0.41–0.68). Whereas, 23 
women in the alendronate group and 50 women 
in the placebo group developed clinical (symp-
tomatic) vertebral fractures (RR 0.45; 95% CI 
0.27–0.72). The risk of any clinical fracture, 
which was the main secondary endpoint, was 
lower in the alendronate than in the placebo 
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group (139 [13.6%] vs. 183 [18.2%]; RR = 0.72; 
95% CI 0.58–0.90). The relative hazards for hip 
fracture and wrist fracture for alendronate versus 
placebo were 0.49 (95% CI 0.23–0.99) and 0.52 
(95% CI 0.31–0.87), respectively [81].

The FIT clinical fracture study enrolled 4432 
postmenopausal women with femoral neck BMD 
≤0.68 g/cm2 (Hologic DXA) but without a base-
line vertebral fracture [82]. The intent of the 
study was to enroll women with osteoporosis, 
defined as a baseline femoral neck BMD 
T-score ≤ −2.0 (based on 1992 normative data). 
However, due to subsequent revisions of norma-
tive values for femoral neck BMD [83], 31% of 
subjects enrolled were found to have femoral 
neck BMD T-scores between −1.6 and −2.0 
based on the BMD T-score reference range in use 
when the results of the study were reported [83]. 
Treatments with alendronate and placebo were 
the same as the FIT vertebral fracture study, 
except that treatment was continued at the same 
dose for a mean of 4.2 years. Clinical fractures, 
the primary endpoint, occurred in 312 women 
(14.1%) in the placebo and 272 women (12.3%) 
in the alendronate group (RH, 0.86; 95% CI 
0.73–1.01). A subgroup analysis in subjects with 
femoral neck BMD T-scores < −2.0 (the thresh-
old for diagnosing osteoporosis at the time the 
study was conducted) found a 22% lower risk of 
clinical fracture in those treated with alendronate 
(RH, 0.78; 95% CI 0.65–0.94). An additional 
subgroup analysis in subjects with a femoral 
neck BMD T-scores < −2.5 found a similar lower 
risk of clinical fractures in the alendronate group 
(RH, 0.64, 95% CI 0.50–0.82). In the full group 
of FIT clinical fracture study subjects, alendro-
nate reduced the overall risk of new radiographic 
vertebral fractures by 44%: 78 women (3.8%) in 
the placebo group had ≥1 new fracture versus 43 
(2.1%) in the alendronate group (RR 0.56; 95% 
CI 0.39–0.80; p  =  0.001. Unlike non-vertebral 
fractures, treatment with alendronate was associ-
ated with lower risk of vertebral fractures regard-
less of femoral neck BMD.

A key message from FIT is that alendronate 
reduces the risk of vertebral morphometric and 
clinical fractures in postmenopausal women with 
either severe osteoporosis with a prior vertebral 

fracture or a femoral neck BMD T-score in the 
osteoporotic range (femoral neck BMD T-score 
below −2.0) but without a prior fracture. 
Additional clinical trials would be needed to 
determine whether postmenopausal women who 
have low normal BMD T-scores (osteopenia) at 
either lumbar spine or total hip DXA regions of 
interest and no prior vertebral fractures are likely 
to benefit (lower risk of fracture) from alendro-
nate treatment.

There are two long-term extension studies of 
alendronate. The 3-year phase III studies were 
extended to 10 years of treatment with alendro-
nate 5 and 10 mg daily. The group initially treated 
with alendronate 20  mg daily for 2  years fol-
lowed by 5 mg daily for 3 years was switched to 
placebo after a total of 5 years [84]. Treatment 
with alendronate 10 mg daily for 10 years pro-
duced mean increases from baseline in lumbar 
spine BMD of 13.7% (95% CI 12.0–15.5%), tro-
chanter BMD of 10.3% (95% CI 8.1–12.4%), 
femoral neck BMD of 5.4% (95% CI 3.5–7.4% 
percent) and total hip BMD of 6.7% (95% CI 
4.4–9.1%). Smaller increases occurred in the 
5  mg daily group. The discontinuation of alen-
dronate resulted in a gradual loss of effect, as 
measured by BMD and biochemical markers of 
bone remodeling. The FIT long-term extension 
(FLEX) evaluated randomization of FIT partici-
pants initially treated with alendronate to either 
continuation of alendronate, 5 or 10 mg/d for a 
total of 10 years, or treatment with placebo after 
approximately 5 year of treatment with alendro-
nate [85]. A total of 1099 women were eligible 
and participated in the FLEX trial. The mean age 
of women was 73 years at FLEX entry and 60% 
reported a history of clinical fractures since 
menopause. Changes in spine and proximal fem-
oral BMD in the 5 and 10 mg daily alendronate 
groups were not statistically significant, and data 
from the alendronate groups were pooled for 
comparison with placebo. Continuation of alen-
dronate resulted in maintenance of BMD at prox-
imal femoral BMD sites. Lumbar spine BMD 
increased by an additional 5.3% in the alendro-
nate groups and by 1.5% in the placebo group. 
When compared to those continuing alendronate, 
switching to placebo for 5 years resulted in 2.4% 
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lower BMD at the total hip (95% CI −2.9% to 
−1.8%) and 3.7% lower BMD at the lumbar 
spine (95% CI −4.5% to −3.0%) [85]. Serum 
CTX, N-propeptide of type I collagen (P1NP) 
and bone-specific alkaline phosphatase (BSAP) 
were stable during continued treatment with 
alendronate (both 5 and 10  mg daily) and 
increased in patients switched to placebo: CTX 
by 55.6%, P1NP by 59% and BSAP by 28.1%. 
Among those who continued treatment with alen-
dronate, there was a significantly lower risk of 
clinically recognized vertebral fractures (5.3% 
for placebo and 2.4% for alendronate; RR 0.45; 
95% CI 0.24–0.85) but no significant reduction in 
morphometric vertebral fractures (11.3% for pla-
cebo and 9.8% for alendronate; RR 0.86; 95% CI 
0.60–1.22).

 Risedronate

Risedronate is a nitrogen containing bisphospho-
nate and is approved for the treatment of post-
menopausal osteoporosis (5  mg daily, 35  mg 
once weekly, 75 mg on 2 consecutive days each 
month and 150  mg once monthly) and 
glucocorticoid- induced osteoporosis (5 mg daily) 
[78]. Risedronate is also approved for the preven-
tion of postmenopausal osteoporosis.

Two, 3-year phase III studies with similar 
designs  – VERT (Vertebral Efficacy with 
Risedronate Therapy) North American (NA) [86] 
and VERT-Multinational (MN) [87] evaluated 
the effect of treatment on vertebral fracture risk. 
VERT NA enrolled 2458 postmenopausal women 
<85 years old with either 1 vertebral fracture and 
Lumbar Spine BMD T-score ≤ −2 at baseline 
or  ≥2 vertebral fractures without regard to 
BMD.  Subjects were randomly assigned to 
receive oral treatment for 3  years with risedro-
nate (2.5 or 5 mg/d) or placebo. Treatment with 
5  mg/d of risedronate, compared with placebo, 
decreased the cumulative incidence of new verte-
bral fractures (a fracture in a vertebral body nor-
mal at baseline) by 41% (95% CI 18–58%) over 
3 years. A similar 33% reduction was observed 
for new or worsening (an additional compression 
fracture of a vertebral body with a fracture 

 present at baseline) vertebral fractures, the trial’s 
primary fracture endpoint [34]. Over 3 years, the 
incidence of non-vertebral fractures was reduced 
by 39% (95% CI 6–61%). VERT MN enrolled 
1226 postmenopausal women <85 years old with 
≥2 radiographically confirmed vertebral frac-
tures [87]. BMD was not an entry criterion. 
Treatment and vertebral fracture endpoints were 
the same as in VERT NA. Over 3 years, the new 
vertebral fracture risk in the risedronate 5  mg 
group was reduced by 49% versus placebo (RR 
0.51; 95% CI 0.36, 0.73, p  > 0.001). A similar 
46% reduction of the risk of new or worsening 
vertebral fractures was also observed [34]. Non- 
vertebral fracture risk was numerically lower 
(RR  =  0.67; 95% CI 0.44, 1.04; p  =  0.063). A 
pooled analysis of the two vert studies found a 
36% reduction in the relative risk of non- vertebral 
fractures. The risk of hip fractures was not sig-
nificantly lower with risedronate group in the 
pooled analysis.

The Hip Intervention Program (HIP) study of 
risedronate consisted of 9331 postmenopausal 
women age 70 years to 89 years [88]. The 3 year 
study included two subgroups randomly assigned 
to receive treatment with oral risedronate 2.5 or 5 
mg versus placebo: 5445 women aged 
70–79 years old who had osteoporosis (indicated 
by either a femoral neck T-score ≤ −4, or femo-
ral neck T-score  ≤  −3 and at least one non- 
skeletal risk factor for hip fracture) and 3886 
women aged ≥80 years old who had at least one 
non-skeletal risk factor for hip fracture (BMD not 
measured) or were osteoporotic (femoral neck 
T-score ≤ −4, or femoral neck T-score ≤ −3 with 
a hip-axis length ≥  11.1  cm). While the initial 
analysis plan was to compare the risk of hip frac-
tures in each risedronate group (2.5 and 5-mg) 
with that in the placebo group, the lower than 
anticipated hip fracture incidence resulted in a 
change to a pooled analysis of patients in both the 
2.5 and 5-mg groups with the placebo group. The 
incidence of hip fracture among all the women 
assigned to risedronate (either 2.5 or 5 mg/d, was 
2.8%, as compared to placebo 3.9 (RR 0.7; 95% 
CI 0.6–0.9). Within the group of women aged 
70–79 with osteoporosis, the incidence of hip 
fracture among those assigned to risedronate was 
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1.9% versus 3.2% in the placebo arm (RR 0.6; 
95% CI 0.4–0.9, p  =  0.02). In these younger 
women, the effects of the 2.5-mg and 5.0-mg 
doses of risedronate were similar; the relative 
risk of hip fracture for the 2.5-mg dose was 0.5 
(95% CI 0.3–0.9) and that for the 5.0-mg dose 
was 0.7 (95% CI 0.4–1.1). Within the group of 
women aged ≥80 years, there was no significant 
effect on risedronate on incidence of hip fracture 
[88]. The risk of hip fracture in the entire study 
population was not reported by dose. In an analy-
sis of all the women, the incidence of non- 
vertebral fractures was 9.4% among those 
assigned to risedronate, as compared with 11.2% 
among those assigned to placebo (RR 0.8; 95% 
CI 0.7–1.0; p = 0.03).

A meta-analysis of eight randomized clinical 
trials demonstrated the pooled relative risk for 
vertebral fractures in women given 2.5  mg or 
more of risedronate was 0.64 [CI 95% 0.54–0.77] 
[89]. In those patients with non-vertebral frac-
tures given risedronate 2.5  mg or more, the 
pooled RR was 0.73 (95% CI 0.61–0.87). The 
use of risedronate demonstrated an improved 
BMD at the lumbar spine, combined forearm and 
femoral neck and was generally more improved 
with use of the 5-mg daily dose in comparison to 
the 2.5-mg dose [90].

 Ibandronate

Ibandronate is a nitrogen-containing bisphospho-
nate approved for the treatment of postmeno-
pausal osteoporosis. The drug was initially 
approved as a 2.5-mg daily oral dose. However, 
the drug was not marketed until the approval of 
additional formulations for treatment of osteopo-
rosis in postmenopausal women: 150  mg oral 
tablets dosed monthly and 3  mg IV injection 
dosed every 3  months [78]. Ibandronate differs 
from the other approved N-BPs as studies of its 
effect on non-vertebral or hip fractures have not 
been demonstrated in a clinical trial.

In a phase III trial that enrolled 2946 post-
menopausal women with 1–4 vertebral fractures 
and lumbar spine BMD T score ≤ −2 at one or 
more L1-L4 vertebrae. Patients received oral 

 ibandronate 2.5  mg daily, intermittent ibandro-
nate 20 mg every other day for 12 doses every 
3 months, placebo for 3 years. Over 3 years, the 
incidence of new vertebral fractures was reduced 
in patients receiving 2.5  mg daily (4.7%) and 
intermittent ibandronate 20  mg (4.9%), relative 
to placebo (9.6%); relative risks were 0.62 (95% 
CI 43–75; p < 0.001) and 0.50 (95% CI 26–65), 
for daily and intermittent groups, respectively. 
However, non-vertebral fracture incidences were 
similar in all groups: 9.1%, 8.9% and 8.2% in the 
2.5 mg ibandronate, and intermittent 20 mg iban-
dronate, and placebo groups, respectively [91]. 
Explanations for the failure to show non- vertebral 
fracture risk reduction include an insufficient 
dose of ibandronate and relatively high mean 
femoral neck BMD T-score (−2.0), an inadequate 
number of fractures resulting in limited statistical 
power or a combination of the three. Whatever 
the reason, a well-designed non-vertebral or hip 
fracture endpoint study was never conducted.

Intravenous administration of ibandronate in 
the Dosing IntraVenous Administration (DIVA) 
Study, patients received 2  mg injections every 
2  months, 3  mg injections every 3  months, or 
daily oral ibandronate 2.5 mg for a total of 2 years 
of treatment. The mean lumbar spine BMD 
increased by 5.1% in the 2 mg arm, 4.8% in the 
3  mg arm, and 3.8% in the daily oral arm [92, 
93]. No fracture endpoint studies of intravenous 
ibandronate have been presented.

To evaluate the effectiveness of monthly oral 
Ibandronate, 1609 postmenopausal women were 
randomized in the MOBILE (Monthly Oral iban-
dronate in Ladies) trial to different oral monthly 
regimens: two 50 mg tablets, one 100 mg tablet, 
one 150 mg tablet once monthly and compared 
all other drug groups to patients treated with 
2.5 mg daily. All monthly regimens proved to be 
non-inferior to 2.5  mg daily and the 150  mg 
monthly dosing was superior to the 2.5 mg daily 
dosing in regard to increasing lumbar spine bone 
mineral density [54]. As noted in Bioavailability 
section of this chapter, greater percentage of an 
ibandronate 150 mg oral dose is absorbed versus 
the percentage of a 50 mg dose that is absorbed. 
Thus, the amount of ibandronate absorbed after a 
150 mg monthly dose is about four times more 
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than the cumulative absorption of ibandronate 
2.5 mg daily for 30 days.

 Zoledronic Acid (Zoledronate)

Zoledronic acid (zoledronate) is approved for the 
treatment and prevention (5  mg by intravenous 
infusion over at least 15 minutes once yearly for 
treatment and once every 2 years for prevention) 
of osteoporosis in postmenopausal women. It is 
also approved to improve bone mass in men with 
osteoporosis and for the prevention and treatment 
of osteoporosis in men and women expected to 
be on glucocorticoid therapy for at least 
12 months [78]. Zoledronate is the active moiety 
although the name zoledronic acid is generally 
used in the medical literature.

The effect of zoledronic acid on vertebral and 
hip fractures was shown in a 3-year, double- 
blind, placebo-controlled study: HORIZON PFT 
(Health Outcomes and Reduced Incidence with 
Zoledronic Acid Once Yearly, Pivotal Fracture 
Trial) [59]. A total of 7765 postmenopausal 
women, 65–89  years old, femoral neck BMD 
T-score  ≤  −2.5, were randomized to receive 
intravenous (IV) zoledronic acid 5 mg or placebo 
at baseline, 12 and 24  months. Treatment with 
zoledronic acid reduced the incidence of verte-
bral fracture by 70% over 3 years, versus placebo 
(3.3% in the zoledronic-acid group vs. 10.9% in 
the placebo group; RR 0.30; 95% CI 0.24–0.38) 
and reduced the risk of hip fracture by 41% (1.4% 
in the zoledronic-acid group vs. 2.5% in the pla-
cebo group; HR 0.59; 95% CI 0.42–0.83). Non- 
vertebral fractures, clinical fractures, and clinical 
vertebral fractures were reduced by 25%, 33%, 
and 77%, respectively [59].

The HORIZON Recurrent Fracture Trial was 
a randomized, double-blind, placebo-controlled 
study of 2127 postmenopausal women (76%) and 
men (24%) with a recent hip fracture (within 
90  days). There was no BMD entry criterion. 
Patients received yearly zoledronic acid 5 mg IV 
or placebo infusions. Study duration was event- 
driven and approximately 4% received four 
doses, 27% received three doses, 39% received 
two doses, and 30% received one dose. The 

 incidence of any new clinical fracture was 8.6% 
in the zoledronic acid group and 13.9% in the 
placebo group, which is a 35% risk reduction 
(HR 0.65; 95% CI 0.50–0.84). The incidences of 
a new clinical vertebral fracture were 1.7% and 
3.8% (HR 0.54; 95% CI 0.32–0.92), and the risk 
of hip fractures was numerically lower (HR 0.7; 
95% CI 0.41–1.19; p = 0.18). The risk of death 
was also lower in the zoledronic acid group (HR 
0.72; 95% CI 0.56–0.93; p < 0.01) [94].

Duration of treatment was examined in cohorts 
of patients who participated in HORIZON PFT, in 
two 3-year extension studies. In the first extension, 
1233 postmenopausal women who received zole-
dronic acid for 3 years were randomized to three 
additional yearly doses of zoledronic acid 5  mg 
(n  =  616) or placebo (n  =  617) [95]. Continued 
treatment with zoledronic acid was associated 
with stable BMD while small decreases in proxi-
mal femoral BMD. The risk of new morphometric 
vertebral fractures was reduced by 49% with con-
tinued treatment but no effect on non-vertebral 
fractures was observed. Patients were eligible for 
the second extension study if they completed the 
first extension study on treatment and without 
major protocol violations. The second extension 
study enrolled 95 patients randomized to treatment 
with three additional yearly doses of zoledronic 
acid 5 mg IV and 95 randomly assigned to receive 
placebo infusions [96]. Continued treatment was 
associated with less loss of total hip BMD but the 
between group difference was not statistically sig-
nificant. The incidence of fractures was low and 
there were no statistically significant between 
group differences.

 Minodronate

Minodronate is a nitrogen-containing bisphos-
phonate agent developed and currently approved 
for use in the treatment of osteoporosis in Japan 
[97]. It appears to be the most potent N-BP 
administered orally but has not been compared 
with zoledronate (intravenous) [98]. The phase 
III study enrolled 704 postmenopausal women 
aged 55–80 years old with fragility fractures who 
were randomized to minodronate 1  mg or pla-
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cebo once a day and treated for 2-years [99]. 
Minodronate reduced the incidence of vertebral 
fractures by 59% (95% CI 36.6–73.3%). Subjects 
who completed the 2-year study were invited to 
participate in an additional 1-year extension in 
which all subjects were to receive minodronate. 
Over the third year, new vertebral fracture inci-
dence was similar to that observed in the first 
2 years of treatment (no formal statistical com-
parison). In patients who received minodronate 
for 3 years, lumbar spine BMD increased 10.4% 
from baseline. Urine NTX/creatinine decreased 
50% versus placebo and approximately 60% 
from baseline at month 24, and Serum Bone 
Alkaline Phosphatase decreased 46% from base-
line at month 6 and approximately 52% at month 
24. Bone turnover markers remained constant 
thereafter over 3  years [100]. No studies have 
been conducted in North America or Europe.

 Clodronate

Clodronate is a non-nitrogen containing bisphos-
phonate approved in some countries to reduce the 
occurrence of bone metastases in post-surgical 
treatment of breast cancer patients and to treat 
hypercalcemia of malignancy. Clodronate can be 
administered orally or intravenously [101]. While 
not studied in the United States (and not 
approved), several studies have evaluated its ben-
efit for the treatment of postmenopausal osteopo-
rosis. A 3-year randomized placebo-controlled 
trial of oral clodronate 800 mg/day included 5596 
women ≥75 years old, without regard to BMD or 
fracture history [102]. Vertebral fractures (at 
baseline or incident) were not evaluated. While 
the incidence of hip fractures was not reduced 
(hazard ratio [HR] 1.02; 95% CI 0.71–1.47), the 
risk of any clinical fracture was reduced by 20% 
(HR 0.80; 95% CI 0.68–0.94 [102].

 Comparative Efficacy Between 
Bisphosphonates

Head-to-head fracture endpoint trials of 
bisphosphonates have not been conducted as it 

is difficult to demonstrate differences in fracture 
risk with precision without studying a very large 
number of osteoporotic patients (20,000 or 
more). Only BMD changes may be compared in 
studies of reasonable size (e.g., 1000 subjects). 
In two 12-month, head-to-head studies of alen-
dronate 70 mg weekly versus risedronate 35 mg 
once weekly – the doses approved for the treat-
ment of osteoporosis in postmenopausal 
women – significant differences in bone mineral 
density were seen as early as 6  months at all 
BMD sites [103, 104]. The primary endpoint of 
these trials was a comparison in the change in 
bone mineral density of the trochanter. 
Secondary endpoints were differences in bone 
turn over markers and bone mineral density of 
total hip, femoral neck, and lumbar spine. 
Significantly greater increases in hip trochanter 
BMD were seen with alendronate (3.4%) than 
risedronate (2.1%) at 12 months (treatment dif-
ference, 1.4%; 95% CI 0.8–1.9%) as well as 
6  months (treatment difference, 1.3%; 
p < 0.001). Significantly greater gains in BMD 
were seen with alendronate at all BMD sites 
measured (12-month difference: total hip, 1.0%; 
femoral neck, 0.7%; LS, 1.2%) [103]. In the 
second study, mean increases from baseline in 
hip trochanter BMD at month 12 were 3.56% 
(alendronate) and 2.71% (risedronate) (treat-
ment difference 0.83%; 95% CI 0.22–1.45). 
Treatment differences were maintained during a 
second year of treatment in both studies [105, 
106]. The results were replicated in a second 
study of identical design. Alendronate also pro-
duced greater reductions in bone turnover mark-
ers as early as 3 months. Tolerability (all adverse 
event and gastrointestinal adverse events) was 
similar for both agents.

Minodronate 1 mg daily and alendronate 5 mg 
daily were compared in a study of 270 Japanese 
postmenopausal osteoporotic women, who were 
randomized to either alendronate 5 mg daily or 
minodronate 1  mg daily for 12  months. After 
1  year of treatment, the lumbar spine BMD 
increased by 5.86% and 6.29% in the minodro-
nate and alendronate groups, respectively, and 
the total hip BMD increased by 3.47% and 
3.27%, respectively [107].
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 Comparative Efficacy Between 
Bisphosphonates and Other Anti- 
resorptive Drugs

There is not data that support a clinically impor-
tant effect a bisphosphonate the need for concur-
rent treatment to treat osteoporosis. Randomized 
controlled trials of the different bisphosphonates 
with other anti-resorptive agents, such as raloxi-
fene, denosumab, hormone therapy, and anabolic 
therapy have been conducted in postmenopausal 
women evaluating changes in bone mineral den-
sity and effects on bone turn over markers.

In the EFFECT (Efficacy of Fosamax versus 
Evista Comparison Trial), 487 postmenopausal 
women with T-scores <−2 at the lumbar spine or 
hip were randomized to receive either alendro-
nate 70 mg once weekly and daily placebo identi-
cal to Raloxifene or Raloxifene 60 mg daily and 
weekly placebo identical to alendronate for 
12  months. Alendronate demonstrated substan-
tially greater increases in BMD than raloxifene at 
both lumbar spine and hip sites at 12  months. 
Lumbar spine BMD increased 4.8% with alen-
dronate versus 2.2% with raloxifene (p < 0.001); 
total hip BMD increased 2.3% with alendronate 
versus 0.8% with raloxifene (p  <  0.001). 
Reductions in bone turnover were significantly 
larger with alendronate than raloxifene [108].

There was limited analysis of head-to-head tri-
als of different bisphosphonates in comparison to 
denosumab. One meta-analysis demonstrated that 
denosumab more effective than both alendronate 
and risedronate with odds ratio of 1.67, 95% CI 
1.06–2.67 and 1.84, 95% CI 1.16–2.92 [109].

A meta-analysis of 1967 patients from eight 
randomized clinical trials was analyzed and aimed 
to compare the efficacy of teriparatide versus 
bisphosphonates in the treatment of osteoporosis. 
Teriparatide significantly increased the bone min-
eral density of the lumbar spine,  femoral neck, and 
total hip versus bisphosphonate treatment [110].

 Use of Bisphosphonates After Bone 
Anabolic Drugs

As described in Chap. 18, Combination Anabolic/
Antiresorptive Therapy in Osteoporosis 

Treatment, concurrent treatment with both para-
thyroid hormone [hPTH(1-84)] and alendronate 
appears to offer no advantage over either agent 
given alone [111]. There are no adequate studies 
of concurrent treatment with any bisphosphonate 
and ether teriparatide, abaloparatide, or romoso-
zumab. However, treatment with bone anabolic 
drugs is limited to 1–2 years and the bone ana-
bolic effects are lost if treatment is not followed 
with an anti-resorptive drug. Clinical trials have 
demonstrated progressive increases in spine and 
proximal femoral BMD when hPTH(1–84) is fol-
lowed by alendronate [112] and fracture risk 
reduction when abaloparatide [113] and romoso-
zumab [114] are followed by alendronate, as dis-
cussed in Chaps. 18 and 19, respectively.

 Monitoring Bisphosphonate Therapy 
in Clinical Practice

The measurements of biochemical markers of 
bone resorption and formation provide important 
information on a drug’s effects on bone remodel-
ing. Changes in biochemical markers of bone 
turnover remain key endpoints in phase II dose- 
ranging clinical trials of osteoporosis drugs. 
Moreover, the greater decreases in bone turnover 
markers were associated with greater fracture 
risk reduction in clinical trials of patients treated 
with bisphosphonates [115]. However, the utility 
of biochemical markers to monitor bisphospho-
nate therapy in individual osteoporotic patients is 
limited for several reasons. The precision error of 
the assays used to measure bone resorption (CTX 
and NTX/creatinine) is good but there is a large 
diurnal variation (higher in the morning than late 
afternoon [116] of both serum CTX and urine 
NTX/creatinine in individuals. Moreover, there 
are substantial day-to-day variations in bone 
resorption markers in repeat testing of the same 
individual. Together, precision error of the meth-
ods, diurnal and day to day biological variation 
make it difficult to accurately measure the magni-
tude of reduction in serum CTX or urine NTX/
creatinine in individual patients. Despite limita-
tions, biochemical markers occasionally mea-
sured in clinical practice and failure to observe 
the anticipated decrease the bone turnovers mark-
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ers prompt further investigation to evaluate a 
cause and consideration of changing treatment 
[117]. If there is a clinical need (e.g., to assess 
compliance) to measure the effect of bisphospho-
nate treatment on bone turnover, serum P1NP 
(N-terminal pro-peptide of type I collagen) has 
several practical advantages. The precision error 
of the method is low, and there is minimal diurnal 
variation or day-to-day biological variation. The 
reference range in postmenopausal women is 
narrower than the other bone turnover markers 
and the reduction observed with standard treat-
ment doses of oral bisphosphonates is 60–65%. 
Bisphosphonate effects on bone formation are 
not direct but linked to their effects on osteoclast- 
mediated bone resorption, thus they occur about 
3 months after the maximal effect on bone resorp-
tion. One of most common reasons for small or 
no apparent decrease in bone turnover is non- 
compliance. If bisphosphonates are taken with 
food (rather than fasting in the morning), they 
will be poorly absorbed. Patients who experience 
gastrointestinal symptoms may discontinue treat-
ment, yet not report the discontinuation to their 
physicians. In addition, patients worried about 
rare potential side effects may decide to forego 
treatment or discontinue treatment without dis-
cussing their fears with the prescribing physician 
(Chap. 24). Thus, a careful review of actual 
bisphosphonate use with a patient is the first step 
in evaluating why bone turnover markers do not 
decrease during bisphosphonate use.

 Selecting Bisphosphonate Therapy

While guidelines provide direction on which 
patients should receive osteoporosis therapy, they 
do not provide specific recommendations on 
what drugs clinicians should prescribe in various 
situations. Choice of treatment needs to be indi-
vidualized based on efficacy, cost, safety, and 
side effect profile [118]. The drugs most com-
monly used for treatment of osteoporosis are 
bisphosphonates [3]. All bisphosphonates have 
been shown to significantly reduce the risk of 
vertebral, non-vertebral, and hip fractures in ran-
dom clinical trials of postmenopausal women 

with osteoporosis [59, 91, 119, 120]. Like all 
other treatment options, bisphosphonates are 
associated with both short and long-term safety 
issues; however, they are often well tolerated, 
more cost-efficient.

Safety concerns including GI intolerability, 
osteonecrosis of the jaw, and atypical femur frac-
tures need to be considered by both patients and 
clinicians before considering bisphosphonate 
therapy. For patients with gastrointestinal side 
effects, oral bisphosphonates should be deferred 
to IV formulations. Due to long-term safety con-
cerns, clinicians should still consider use of 
bisphosphonates but consider a drug holiday 
after prolonged duration of use [118]. In younger 
patients, perhaps use of other options, including 
hormone therapy or SERM may be appropriate 
for first-line treatment and then, eventually, these 
patients may be switched to bisphosphonates. 
Another indication for bisphosphonate use 
includes its use after completing 1–2  years of 
anabolic therapy to maintain bone mineral den-
sity gains [118].

 Review of Treatment Guidelines

The different medical societies, disease interest 
groups, and health authorities have different rec-
ommendations in terms of their recommenda-
tions on the indication, use and duration of 
treatment in regard to bisphosphonate therapy. In 
2014, the National Osteoporosis Foundation 
(NOF) released the Clinicians Guide to 
Prevention and Treatment of Osteoporosis. While 
NOF does not endorse an exact algorithm, the 
foundation supports the use of bisphosphonates, 
including alendronate, ibandronate, risedronate, 
and zoledronate. While they review the indica-
tion of each drug, the guide does not comment on 
duration of treatment and when a drug holiday 
should be considered [78]. In 2015, ASBMR 
(American Society for Bone and Mineral 
Research) released its report on managing osteo-
porosis in patients on long-term bisphosphonate 
treatment. The Task Forces suggested approach 
for long-term therapy and recommendation of 
drug holiday is based on limited evidence of 
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vertebral fracture reduction in mostly white post-
menopausal women. There is limited evidence on 
applying this approach to men and patients with 
glucocorticoid-induced osteoporosis. The Task 
Force suggests that after 5  years of treatment 
with oral bisphosphonate or 3 years of treatment 
of intravenous bisphosphonate, reassessment of 
risk should be considered. In women at high risk, 
such as those with high hip T-scores, high frac-
ture risk, those with previous osteoporotic frac-
tures or those women who fracture on therapy, 
they recommend the consideration of treatment 
for up to 10 years of oral therapy or 6 years of IV 
therapy. In this subset of patient, the task force 
comments that while the risk of atypical femur 
fractures increases with increased duration of 
use, but not osteonecrosis of the jaw, such rare 
events are outweighed by vertebral fracture risk 
reduction. For women not at high risk, a drug 
holiday of up to 3 years should be considered in 
those who have completed between 3 and 5 years 
of treatment [121].

In 2016, AACE released its clinical practice 
guidelines for the diagnosis and treatment of 
postmenopausal osteoporosis. They recommend 
initiation of therapy with one of four agents, 
which include alendronate, risedronate, zole-
dronic acid, and denosumab on the basis of their 
“broad spectrum” of anti-fracture efficacy. The 
Committee recommends initiating treatment with 
oral agents in those with lower to moderate risk 
fracture risk. Those patients with higher risk, 
those who are forgetful or have trouble coordi-
nating with other agents or those with GI intoler-
ance that may not tolerate or absorb the 
medication, it is recommended they consider 
zoledronic acid. They recommend consideration 
of drug holiday after 5 years of oral therapy in 
moderate-risk patients, and drug holiday after 
6–10  years of stability in high-risk patients. In 
regard to high-risk patients on the IV formula-
tion, they recommend the consideration of a drug 
holiday after 3 annual doses in moderate-risk 
patients and after 6 annual dosages in high-risk 
patients [122].

In 2017, ACP released its controversial clini-
cal guidelines on the treatment of low bone den-
sity or osteoporosis to prevent fractures in men 

and women. The guideline recommends pharma-
cologic treatment with alendronate, risedronate, 
or zoledronic acid to reduce the risk of hip and 
vertebral fractures in women with known osteo-
porosis. The use of ibandronate is not included 
as first-line pharmacologic therapy as its studies 
have not been shown beneficial in reduction of 
all fracture types. They also comment that 
women should be treated for 5  years with the 
consideration that continuing treatment past 
5  years may be beneficial in certain patients; 
however, they do not comment on who those 
patients are [89].

 Bisphosphonate Adverse Drug 
Reactions

Use of bisphosphonates for the treatment of 
osteoporosis is relatively safe and has few com-
mon systemic side effects. The full Prescribing 
Information of each drug should be carefully 
reviewed for a detailed review of potential 
adverse drug reactions. The following section 
reviews several types of potential ADRs that are 
of most common interest.

 Esophagitis and Gastrointestinal ADRs
Oral bisphosphonates are associated with gastro-
intestinal side effects, including nausea, esopha-
gitis and possibly development of gastric ulcers 
[123]. The risk of esophageal side effects can be 
minimized by taking bisphosphonates as stated in 
Prescribing Information: with a full glass of 
water, remaining upright (sitting, standing, or 
walking) after dosing and eating before lying 
down again. Most important, patients should be 
made aware of symptoms of esophagitis and 
interrupt dosing if those symptoms develop. In 
general, fewer serious gastrointestinal adverse 
events have been reported with weekly than with 
daily regimens. Intravenous bisphosphonates are 
not associated with esophageal or other gastroin-
testinal side effects.

 Acute Phase Response-Like Reactions
While all N-BPs may be associated with an 
acute phase response-like reaction (APR-like 
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reaction) when administered at a sufficiently 
high intravenous dose, [124] they were not 
observed in clinical studies of oral N-BPs 
administered daily or weekly. In 30% of 
patients, use of IV zoledronic acid may be asso-
ciated with an APR-like event after its first 
administration. However, many patients do not 
experience an APR with subsequent infusions. 
Symptoms begin 12–24  hours after infusion 
and may include myalgia, arthralgia, low-grade 
fever, and bone pain, all of which generally 
resolve after 2–4  days [125]. Adverse events 
similar to an APR may occur in a small propor-
tion of patients receiving ibandronate 150  mg 
monthly [35].

 Atypical Femur Fractures
The definition of an atypical femoral fracture 
(AFF) was first proposed by an ASBMR work-
ing group in 2010 [126] and with criteria revised 
in 2013 [127]. An AFF must be in the femoral 
shaft and have specific radiographic appearance. 
ASBMR Working Group criteria include the 
presence of at least 4 of 5 major criteria. Other 
groups have proposed more rigorous criteria that 
reflect a lower incidence of AFFs but a greater 
frequency of bisphosphonate use [128]. In 
women and men, the age-adjusted relative risk of 
bisphosphonate use in patients with atypical 
fracture associated was 55 (95% CI 39–79) and 
54 (95% CI 15–192), respectively. In bisphos-
phonate users, women had a three times higher 
risk than men (RR  =  3.1; 95% CI 1.1–8.4) of 
developing an atypical fracture [129]. Meta-
analyses, which includes 11 studies – 5 case con-
trol and 6 cohort studies, have determined an 
increased risk of femoral shaft and subtrochan-
teric femoral fractures that have a specific radio-
graphic appearance with use of bisphosphonates 
[125]. The risk of atypical fractures appears to 
increase after 4  years of treatment and decline 
rapidly (by 70% after 1 year) when treatment is 
discontinued [129]. As AFFs are much less com-
mon than hip fractures, the benefit of preventing 
hip fractures outweighs the risk of AFFs in 
osteoporotic patients [130]. The pathophysiol-
ogy resulting in atypical femur shaft fractures 
remains unclear. Reviews of potential mecha-

nisms are in the ASBMR Working Group publi-
cation [127]. The geometry of the proximal 
femur may also affect the likelihood of develop-
ing an atypical femur fracture. The occurrence of 
proximal femoral varus is described in patients 
with atypical femoral fractures, and there is 
weaker evidence that narrow femoral neck and 
thicker lateral and medical bone cortices of the 
femoral shaft may predispose patients to devel-
oping these types of fractures [131]. Atypical 
femur fractures were found to be more common 
with long-term therapy in Asian (China and 
South East Asia) women when compared to 
Caucasian women [132]. The risk of atypical 
femur fractures increases with duration of use, 
generally after 3–4 years, and increases to fur-
ther after 6  years [125]. Other identifiable risk 
factors for the development of atypical femur 
fractures include a higher body mass index, use 
of statin, use of oral glucocorticoids and use of 
proton pump inhibitors [125].

To reduce the risk of AFFs in clinical prac-
tice, it is important to establish the diagnosis of 
osteoporosis based on BMD in the osteoporotic 
range and to limit the duration of therapy to 3 or 
4  years based on placebo-controlled trial data 
available. Longer term treatment should be pre-
scribed based on individual patient characteris-
tics. As some AFFs present as incomplete 
fractures, patients should be made aware that 
new hip or thigh pain may be due to an incom-
plete AFF and they should be evaluated for an 
AFF if symptoms develop during long-term 
N-BP use.

 Osteonecrosis of the Jaw
Anti-resorptive related osteonecrosis of the jaw 
(ONJ) is defined as an area of exposed bone in 
the maxillofacial region that does not heal within 
8  weeks in an individual who has received an 
anti-resorptive agent. The pathophysiology of 
ONJ has not been established and many highly 
speculative hypotheses have been proposed. 
Potential mechanisms have been reviewed by 
expert groups [133–135].

This entity was first described with bisphos-
phonate use in oncology patients treated with very 
high intravenous doses of bisphosphonates [136, 
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137]. ASBMR and American Association of Oral 
and Maxillofacial Surgeons (AAOMS) working 
groups created position statements on ONJ in 
2007 [138] and 2009 [139], respectively. The 
ASBMR definition of ONJ does not require expo-
sure to bisphosphonates while the AAOMS defi-
nition required the use of a bisphosphonate. It is 
been modified to include the use of denosumab or 
BPs. The key diagnostic criteria are “exposed 
bone in the maxillofacial region that has persisted 
for more than 8 weeks” and “No history of radia-
tion therapy to the jaws.” The risk of ONJ is rela-
tively high in cancer patients treated with high 
doses of either zoledronic acid or denosumab for 
bone metastases [140]. In one controlled trial of 
denosumab and zoledronic acid in patients with 
lung cancer metastatic to bone, the cumulative 
incidence of osteonecrosis of the jaw was similar 
between groups (0.7% denosumab vs. 0.8% ZA) 
[141]. Risk between 1% and 2% per year has been 
reported in longer studies of zoledronic acid. In 
contrast, incidence of ONJ in patients with osteo-
porosis is estimated to be between 0.01% and 
0.001% and is based on series of case series, ret-
rospective observation studies and retrospective 
cohort data [133, 135, 140]. A total of five con-
trolled clinical studies have been evaluated and 
only two patients (one receiving zoledronic acid 
and one receiving placebo) developed 
ONJ. Summarizing the five clinical trials, a total 
of 5903 patients were treated with zoledronic acid 
and the incidence of ONJ was less than 1 patient 
in 14,200 patient treatment years. In the 
HORIZON study, 7765 postmenopausal women 
were randomized to zoledronic acid versus 
 placebo, and only two women developed 
ONJ. One patient was receiving placebo and pred-
nisone whereas the second patient received zole-
dronic acid and developed a dental abscess [142].

The risk of ONJ in osteoporotic patients is so 
low that prospective studies of measures that 
could reduce the risk cannot be conducted. In 
patients with cancer metastatic to bone, several 
measures have been shown to reduce the risk of 
ONJ.  First, treatment of any dental conditions 
that increase the risk of infection (or tooth extrac-
tion, e.g., periodontitis or extensive carries) 
should be aggressively treated, ideally before 

therapy is initiated. When tooth extractions or 
other oral surgical procedures during anti- 
resorptive treatment are necessary, the risk of 
ONJ is lower when measure to prevent infection 
are followed, including use of antimicrobial 
mouth rinses, the use of antibiotics before and 
after oral surgery, and post-surgical follow-up to 
ensure complete healing has occurred to oral sur-
gery prior to initiation of therapy with anti- 
resorptive therapy [134]. Currently, there is no 
evidence that interrupting treatment with bisphos-
phonates in patients requiring oral surgery 
reduces the risk of ONJ, though this is still often 
suggested by practicing clinicians as a brief inter-
ruption of treatment is unlikely to have negative 
consequences.

 Other ADRs
Other less common adverse events include the 
association of atrial fibrillation, as suggested in a 
phase III trial of zoledronic acid versus placebo 
(1.3% vs. 0.5%) [59] and atrial fibrillation is a 
labeled potential adverse drug reaction for that 
drug. However, meta-analysis confirmed no such 
association with oral alendronate [143]. 
Musculoskeletal pain (bone, muscle, and/or joint) 
may develop in patients treated with oral alendro-
nate and other bisphosphonates and may occa-
sionally be severe. While it may occur earlier, 
onset is generally several months after starting 
the drug. Pain resolves over 2–3  weeks when 
treatment is interrupted. While the pain may not 
recur when treatment is restarted, a subset of 
patients experience recurrence when re- 
challenged with the same or another bisphospho-
nate. Patient should be made aware of this 
potential ADR and advised to interrupt treatment 
and contact their health care provider if symp-
toms develop. Additionally, the development of 
uveitis, scleritis and orbital inflammation has 
been established with use of both oral and IV 
bisphosphonates. In 1054 postmenopausal 
women, 14 individuals who received IV zole-
dronic acid 5  mg developed ocular symptoms 
within 3 days of infusion. The inflammation gen-
erally resolved, and no patients had permanent 
visual impairment [144].
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There are additional potential ADRs associ-
ated with each bisphosphonate and pharmacovigi-
lance involves continued monitoring of adverse 
events for each marketed bisphosphonate.

 Conclusions

Bisphosphonates are analogs of pyrophosphate 
that share an affinity for hydroxyapatite. While 
the P-O-P bond of pyrophosphate may be hydro-
lyzed, bisphosphonates have a P-C-P structure, 
and the central carbon may be chemically modi-
fied to produce a molecule with a range of phar-
maceutical properties. Several nitrogen-containing 
bisphosphonates (N-BPs) have been shown to 
both localize to bone surfaces and produce selec-
tive inhibition of osteoclastic bone resorption at 
concentrations that do not inhibit bone mineral-
ization. The molecular mechanism of action of 
simple bisphosphonates is through incorporation 
into adenine nucleotides that are non- hydrolysable 
analogs of ATP. This results in inhibition of a vari-
ety of metabolic processes that require ATP and 
results in osteoclast cell death. N-BPs inhibit 
farnesyl diphosphate synthase of osteoclasts 
resulting in decreased osteoclast metabolic activ-
ity and decreased bone resorption. High levels of 
N-BPs may also result in osteoclast apoptosis. At 
a tissue level, adequate doses of N-BPs result in a 
decrease in bone resorption that occurs with each 
bone remodeling cycle and a decrease in the rate 
of bone remodeling from the accelerated rate 
found in untreated postmenopausal women with 
osteoporosis into the range found in premeno-
pausal women. Reduction in the risk of both ver-
tebral fractures and hip fractures has been 
demonstrated with both oral bisphosphonates 
administered daily and intravenous bisphospho-
nates administered one time per year. Daily and 
either once weekly or once-monthly bisphospho-
nate regimens result in similar effects on bio-
chemical markers of bone turnover and BMD of 
spine and proximal femur when the total cumula-
tive dose of drug administered is the same. Except 
for gastrointestinal adverse reactions that are 
associated with oral use only and acute-phase 
response-like reactions associated with intrave-

nous use, the spectrum of adverse drug reactions 
is similar for oral and IV bisphosphonates. Rare 
potential adverse reactions have been associated 
with the use of oral and IV bisphosphonates. 
Osteonecrosis of the jaw is rare in osteoporosis 
patients. Atypical femoral fractures appear to be 
associated with long term use (more than 4 or 
5 years) and the risk appears to dissipate quickly 
when treatment is discontinued. Drug holidays 
(interruption of therapy after 4 or 5 years of con-
tinued use) have been recommended as an empiri-
cal method for reducing the risk of adverse events 
such as ONJ and AFFs. However, it is not known 
whether a reduction in an adverse risk will occur 
during a drug holiday. Moreover, it is uncertain 
how quickly risk of spine, femoral or non-verte-
bral fractures will increase following the start of a 
drug holiday. Controlled clinical trial data are 
needed to provide an evidence- based approach to 
drug holidays and a very long- term treatment of 
osteoporosis with bisphosphonates.
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 Introduction

Denosumab (Prolia®; Amgen Inc., Thousand 
Oaks, CA, USA) is a fully human monoclonal 
IgG2 antibody that binds and inhibits receptor 
activator of nuclear factor kappa-B ligand 
(RANKL), the principal regulator of osteoclastic 
bone resorption. It was initially approved by the 
US Food and Drug Administration (FDA) in 

2010 for the treatment of postmenopausal women 
with osteoporosis at high risk for fracture, with a 
dose of 60  mg subcutaneously (SC) every 
6 months (Q6M). It was subsequently approved, 
with the same dose, for treatment to increase 
bone mass in men with osteoporosis at high risk 
for fracture, treatment to increase bone mass in 
men at high risk for fracture receiving androgen 
deprivation therapy for nonmetastatic prostate 
cancer, treatment to increase bone mass in women 
at high risk for fracture receiving adjuvant aro-
matase inhibitor therapy for breast cancer, and 
treatment of glucocorticoid-induced osteoporosis 
in men and women at high risk for fracture [1]. 
The FDA has defined high risk for fracture as a 
history of osteoporotic fracture, multiple risk fac-
tors for fracture, or failure or intolerance to other 
available osteoporosis therapy. Another prepara-
tion of denosumab (Xgeva®; Amgen Inc., 
Thousand Oaks, CA, USA) is FDA-approved for 
prevention of skeletal-related events in patients 
with multiple myeloma and in patients with bone 
metastases from solid tumors (120 mg SC every 
4  weeks), treatment of adults and skeletally 
mature adolescents with giant cell tumor of bone 
that is unresectable or where surgical resection is 
likely to result in severe morbidity (120 mg SC 
every 4 weeks with additional 120 mg doses on 
days 8 and 15 of the first month of therapy), and 
treatment of hypercalcemia of malignancy refrac-
tory to bisphosphonate therapy (120  mg SC 
every 4 weeks with additional 120 mg doses on 
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Key Points
• Denosumab is a robust antiresorptive 

agent that inhibits osteoclast differentia-
tion, activity, and survival

• Denosumab reduces the risk of vertebral 
fractures, nonvertebral fractures, and 
hip fractures in postmenopausal women 
with osteoporosis

• Larger increases in total hip BMD with 
denosumab are associated with greater 
reductions in the risk of new or worsen-
ing vertebral fractures

• Discontinuation of denosumab should 
be followed by treatment with another 
antiresorptive agent
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days 8 and 15 of the first month of therapy) [2].
This is an update on the mechanism of action of 
denosumab and its clinical applications in the 
treatment of women and men with osteoporosis.

 Mechanism of Action

Denosumab has a high affinity and specificity for 
RANKL, a homotrimeric protein expressed by 
osteoblasts, activated T cells, and organs that 
include lymph nodes, thymus, mammary glands, 
and lungs [3]. By preventing binding of RANKL 
to its receptor, RANK, located on the cell surface 
of mature osteoclasts and their progenitors, deno-
sumab is a potent inhibitor of osteoclast differen-
tiation, activity, and survival (Fig.  15.1). 
Denosumab mimics the action of osteoprotegerin 
(OPG), a naturally occurring endogenous prod-
uct of cells of the osteoblast lineage that is a 
“decoy receptor” for RANKL. It is the balance of 
RANKL and OPG that determines the rate of 
bone resorption, with more RANKL favoring 

greater bone resorption, and more OPG favoring 
less bone resorption. Due to the coupling of 
resorption and formation, when resorption 
decreases, as with antiresorptive medication, for-
mation decreases as well, and when formation 
increases, as with osteoanabolic therapy, so does 
resorption [4]. The skeletal consequences of 
reducing the rate of bone remodeling with deno-
sumab are an increase in bone mineral density 
(BMD) and reduction in fracture risk [5].

The pharmacodynamics and pharmacokinet-
ics of denosumab were evaluated in a dose- 
escalation phase 1 study of 49 healthy 
postmenopausal women receiving a single dose 
of SC denosumab (0.01, 0.03, 0.3, or 1.0 mg/kg) 
or placebo and followed up for 6–9 months [6]. 
There was a rapid (within 12  hours), dose- 
dependent, profound (up to 84%), and sustained 
(up to 6 months) decrease in urinary N-telopeptide 
(NTX), a marker of bone resorption. Patients in 
the higher dose groups showed the most pro-
longed suppression of urinary NTX, with levels 
returning to baseline after 6–9 months. There was 
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RANKL
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PO4
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Fig. 15.1 Denosumab mechanism of action. By binding 
to RANKL, the principal regulator of osteoclastic bone 
resorption, denosumab reduces osteoclast differentiation, 

activity, and survival. (Reprinted from Boyce [71].With 
permission from Springer Nature)
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a decrease in levels of serum bone-specific alka-
line phosphatase (BSAP), a marker of bone for-
mation, although this fell less rapidly and not to 
the same magnitude as urinary NTX.  Serum 
intact parathyroid hormone (PTH) levels 
increased up to threefold after 4  days in the 
3.0 mg/kg dose group and returned toward base-
line with follow-up. Albumin-adjusted serum cal-
cium levels decreased slightly in 
denosumab-treated subjects, especially with the 
higher dose groups, with a maximum decrease of 
10% compared with baseline. Serum levels of 
denosumab were characterized by three phases: a 
prolonged absorption phase with maximum 
serum concentration (Cmax) observed at 5–21 days 
post-dose with Cmax increasing as dose increases; 
a prolonged β-phase, with serum half-life as long 
as 32 days with the maximum dose; and a rapid 
terminal phase.

Although the absorption, bioavailability, dis-
tribution, and elimination of denosumab are not 
well defined, it is likely that SC denosumab is 
absorbed by the lymphatic system, with subse-
quent drainage into the vascular system [7], dis-
tribution that is about the same as the plasma 
volume, and clearance by the reticuloendothelial 
system [8]. No significant amount of circulating 
denosumab is filtered and excreted by the kid-
neys. With denosumab 60 mg SC Q6M, the dose 
approved for the treatment of osteoporosis, the 
median time to maximum concentration (Tmax) 
after the first dose is 26 days [9]. The long dura-
tion of denosumab activity is probably due to a 
combination of a long half-life and the potent 
antiresorptive effect early in the pathway of 
osteoclast differentiation.

The pattern of BMD response to denosumab, 
with progressive increases in BMD with up to 
10 years of continuous treatment [10], is different 
than with bisphosphonates, which are associated 
with increases in BMD for the first 3–4 years of 
treatment followed by more modest increases or 
a plateau, as seen in extension studies with 
10 years of alendronate [11] and 9 years of annual 
dosing of zoledronic acid [7]. This has led to 
speculation that these differences may be due to 
the pharmacological properties of denosumab 
that include greater suppression of bone remodel-

ing with a partial release of antiresorptive effect 
at the end of the 6-month dosing interval [12], 
greater increase in PTH leading to stimulation of 
modeling-based bone formation [12], greater 
access to cortical bone due to its distribution 
throughout the extracellular space [13], and 
greater reduction in cortical porosity [14].

Double tetracycline-labeled transiliac bone 
biopsies in denosumab-treated subjects in phase 
3 clinical trials have provided important insights 
into the mechanism of action of denosumab and 
an assessment of the quality of bone tissue, 
including bone microstructure and mineraliza-
tion [15]. Bone was qualitatively normal after up 
to 3  years of treatment with denosumab, with 
biopsies showing normal lamellar bone, normal 
mineralization with no osteoid accumulation, and 
no marrow fibrosis. Normal cortical and trabecu-
lar microarchitecture was maintained. 
Histomorphometric indices of bone resorption 
and formation were markedly reduced, more so 
than with bisphosphonates. Median eroded sur-
face was reduced by more than 80%, and osteo-
clasts were absent in more than 50% of biopsy 
specimens in subjects treated with denosumab. 
Double labeling was seen in 19% of those treated 
with denosumab compared with 94% of those 
treated with placebo. Microcomputed tomogra-
phy (microCT) showed significantly reduced cor-
tical porosity and increased cortical volumetric 
BMD after 24 months of denosumab compared 
with placebo but no significant difference after 
36  months. After 10  years of treatment with 
denosumab, bone biopsies continued to show 
normal bone histology, low bone remodeling, 
increased matrix mineralization, and lower min-
eralization heterogeneity compared with placebo- 
treated subjects [16].

 Landmark Clinical Trials

 Phase 2 Study and Extensions

A phase 2 randomized, placebo-controlled, dose- 
ranging study evaluated the efficacy and safety 
of denosumab in postmenopausal women with 
low BMD [12]. Subjects were postmenopausal 
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women (N  =  412), age up to 80  years (mean 
63  years), with baseline lumbar spine 
T-score − 1.8 to −4.0 or total hip or femoral neck 
T-score − 1.8 to −3.5. They were randomized to 
receive denosumab 6, 14, or 30  mg SC every 
3 months (Q3M) or 14, 60, 100, or 210 mg SC 
Q6M, open-label oral alendronate 70 mg weekly, 
or placebo. The primary endpoint was percentage 
change in lumbar spine BMD at 12 months com-
pared with baseline. Other endpoints included 
percentage change from baseline in BMD at the 
total hip, femoral neck, one-third radius, and 
change in bone turnover markers (BTMs) con-
sisting of urinary NTX, serum C-telopeptide 
(CTX), and serum BSAP.  Long-term effects of 
treatment were assessed in study extensions, with 
published reports of data at 2 years [17], 4 years 
[18], 6 years [19], and 8 years [20].

At 12  months, denosumab was associated 
with significant lumbar spine BMD increases of 
3.0–6.7%, depending on the dose and dosing 
interval, with smaller significant BMD increases 
observed at other skeletal sites [12]. In explor-
atory comparisons, BMD increases at the one- 
third radius, and total hip appeared to be greater 
with denosumab 30  mg Q3M and 60 mgQ6M 
than with open-label alendronate. Decreases of 
BTMs with denosumab were dose-dependent, 
rapid, sustained, and reversible. Adverse events 
(AEs) and serious adverse events (SAEs) were 
similar in the treatment groups, with the excep-
tion of dyspepsia being most common with open- 
label alendronate. The findings of this study 
supported further investigation of denosumab for 
the treatment and prevention of osteoporosis and 
other diseases associated with bone loss.

Efficacy and safety of 24 months of continu-
ous denosumab treatment were assessed in a pre- 
specified exploratory study [17]. The findings at 
24  months supported and extended those of 
12  months, with continuing increases in BMD 
and suppression of BTMs. BMD response at 
some skeletal sites continued to be greater with 
denosumab than with open-label alendronate. 
AEs continued to be generally similar in the pla-
cebo, denosumab, and alendronate groups. There 
were 6 cases (1.9%) of SAEs of infections in the 
denosumab group (2 cases of diverticulitis, 3 

cases of pneumonia, and 1 case of labyrinthitis) 
compared to none in the placebo group or open- 
label alendronate group. No neutralizing antibod-
ies to denosumab were observed in the first 
24 months of treatment.

For the study extension from 24  months to 
48  months, subjects treated with denosumab 
were reassigned based on the randomization 
group at enrollment [18]. Patients originally ran-
domized to denosumab 6 and 14  mg SC Q3M 
and 14, 60, and 100 mg SC Q6M were changed to 
denosumab 60 mg Q6M. Patients originally ran-
domized to 210  mg SC Q6M were changed to 
placebo. Patients originally randomized to 30 mg 
SC Q3M were changed to placebo for 12 months, 
followed by re-treatment with denosumab 60 mg 
SC Q6M for 12 months. Subjects receiving open- 
label alendronate were terminated from the study 
after 24 months and received no additional drug 
therapy. The placebo group was maintained for 
the entire 48  months. Continuous denosumab 
treatment for 48 months was associated with fur-
ther increases in BMD at the lumbar spine (9.4–
11.8% compared with baseline) and total hip 
(4.0–6.1% compared with baseline), with con-
tinuing suppression of BTMs. Discontinuation of 
denosumab after 24  months of treatment was 
associated with BMD decreases of 6.6% at the 
lumbar spine and 5.3% at the total hip within 
12 months of discontinuation. Re-treatment with 
denosumab12 months after discontinuation 
increased BMD in a manner similar to initial 
treatment, with lumbar spine BMD increasing 
9.0% and total hip BMD increasing 3.9% com-
pared with original baseline values. BTMs 
increased to levels higher than baseline after dis-
continuation of denosumab and decreased with 
re-treatment. Discontinuation of alendronate at 
24 months was followed by a modest decrease in 
BMD at the lumbar spine by 48 months, with a 
greater decrease in BMD at the total hip and one- 
third radius; BTM levels increased, but remained 
below baseline at 48 months. SAEs were 10.9% 
(5/46) in the placebo group, 17.8% (56/314) in 
the denosumab group, and 17.4% (8/46) in the 
alendronate group. The incidence of malignant 
neoplasms was balanced among the treatment 
groups. The overall incidence of infections was 
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similar in all treatment groups, while infections 
requiring hospitalization occurred in 3.2% 
(10/314) of denosumab-treated patients and none 
of those who received placebo or alendronate. All 
infections were reported as common community- 
acquired infections (those identified at 24 months 
were two cases each of diverticulitis and pneu-
monia and one case each of atypical pneumonia 
and labyrinthitis) that responded appropriately to 
standard antibiotic therapy, with no reports of 
opportunistic infections.

Of the 262 subjects who completed the 4-year 
phase 2 “parent study,” 200 were enrolled in a 
single arm extension for an additional 4  years, 
with all receiving denosumab 60  mg SC 
Q6M. There were 178 completers at the end of 
6 years [19] and 138 at the end of 8 years [20], 
with 90 subjects receiving 8 years of continuous 
denosumab. After 8  years of continuous deno-
sumab, BMD increased by 16.5% at the lumbar 
spine and 6.8% at the total hip, with AEs consis-
tent with previous reports and aging of the study 
population.

 Phase 3 and Extensions

FREEDOM (Fracture REduction Evaluation of 
Denosumab in Osteoporosis every 6 Months) 
was the pivotal, 3-year, randomized, placebo- 
controlled phase 3 clinical trial comparing deno-
sumab 60  mg SC Q6M and placebo, with a 
primary endpoint of new vertebral fractures at 
36 months and secondary endpoints that included 
nonvertebral and hip fractures [5]. Study subjects 
were 7868 postmenopausal women (mean age 
72.3  years) with osteoporosis (mean baseline 
lumbar spine T-score  =  −2.8), 83% of whom 
completed the 3-year study. Approximately 23% 
of subjects had at least one prevalent vertebral 
fracture at the time of entry into the study. All 
subjects received elemental calcium 1000 mg and 
vitamin D 400–800  IU daily. It was found that 
treatment with denosumab significantly reduced 
the relative risk (RRR) of radiographic vertebral 
fractures by 68%, with 40% RRR of hip fractures 
and 20% RRR of nonvertebral fractures com-
pared with placebo. BMD increased by 9.2% at 

the lumbar spine and 6% at the hip. Increases in 
total hip BMD explained a considerable propor-
tion of the effect in reducing vertebral fracture 
risk, with larger increases in total hip BMD asso-
ciated with greater reduction in the risk of new or 
worsening vertebral fractures [21], supporting 
the concept of treat-to-target for osteoporosis 
[22].There were no significant differences in total 
AEs, SAEs, or treatment discontinuation between 
subjects receiving denosumab or placebo. There 
were no increase in the risk of cancer, infection, 
cardiovascular disease, or hypocalcemia and no 
reports of osteonecrosis of the jaw (ONJ) or atyp-
ical femur fractures (AFF) in subjects receiving 
denosumab. There were no subjects with neutral-
izing antibodies to denosumab. Eczema was 
reported in 3.0% of subjects in the denosumab 
group compared with 1.7% in the placebo group 
(P < 0.001). Cellulitis as an SAE was reported in 
12 subjects (0.3%) in the denosumab group com-
pared with one subject(<0.1%) in the placebo 
group (P = 0.002), with no significant difference 
in overall incidence of AEs of cellulitis. There 
was no evidence that denosumab interfered with 
fracture healing, even when administered at or 
near the time of the fracture [23]. The findings of 
this study led to the FDA approval of denosumab 
for the treatment of postmenopausal women with 
osteoporosis at high risk for fracture.

A 7-year FREEDOM extension study was ini-
tiated after completion of the 3-year FREEDOM 
trial to assess the effects of 10 years continuous 
denosumab in subjects receiving denosumab in 
FREEDOM and 7 years continuous denosumab 
in those receiving placebo in FREEDOM.  All 
subjects in the extension received open-label 
denosumab 60 mg SC Q6M. The primary objec-
tive of the extension study was to monitor safety, 
with secondary endpoints that included changes 
in BMD and BTMs. The findings of 2 years [24], 
5  years [25], and 7  years [10] of the extension 
study have been published.

Of the 7808 women originally enrolled in 
FREEDOM, 2626 completed the 7-year 
FREEDOM extension, with 1343 long-term sub-
jects receiving 10 years of continuous denosumab 
and 1283 crossover subjects from the placebo 
group in FREEDOM receiving 7  years of 
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continuous denosumab [10]. In the long-term 
group, BMD increased by 21.7% at the lumbar 
spine, 9.2% at the total hip, 9.0% at the femoral 
neck, and 2.7% at the one-third radius from the 
FREEDOM baseline. Sustained reductions in 
serum levels of CTX and procollagen type 1 
N-terminal propeptide (P1NP) were seen. The 
yearly incidence of new vertebral fractures and 
nonvertebral fractures remained low during the 
extension, similar to rates observed in FREEDOM 
in the denosumab group and lower than that pro-
jected to occur in a “virtual twin” placebo cohort. 
The yearly exposure-adjusted incidence of all 
AEs was stable. During the extension, there were 
5 subtrochanteric or diaphyseal femur fractures 
reported in the long-term group and 4  in the 
crossover group, with 2 of these (0.8 per 10,000 
participant-years) adjudicated as AFF, 1  in the 
long-term group and 1  in the crossover group. 
Also during the extension, there were 13 adjudi-
cated cases of ONJ (5.2 per 10,000 participant- 
years), 7  in the long-term group and 6  in the 
crossover group. Two subjects with ONJ were 
lost to follow-up, with the others having resolu-
tion of the ONJ, with resolution of 4 of these 
cases while continuing denosumab. No subjects 
developed neutralizing antibodies to denosumab. 
Transiliac bone biopsies were obtained in 22 sub-
jects with 10  years of continuous denosumab 
exposure, with 21 of these suitable for histomor-
phometric analysis. Remodeling activation fre-
quency was low and did not differ from that 
observed in biopsy specimens of subjects after 2, 
3, and 5 years of denosumab treatment.

ADAMO (A multicenter, randomized, double- 
blind, placebo-controlled study to compare the 
efficacy and safety of DenosumAb vs. placebo in 
Males with Osteoporosis) provided data that sup-
ported the FDA approval of denosumab for the 
treatment of men with osteoporosis at high risk 
for fracture [26, 27]. In this study, 242 men (aged 
30–85 years) with low BMD (T-score, based on 
male reference database, ≤−2.0 and ≥−3.5 at the 
lumbar spine or femoral neck, or previous major 
osteoporotic fracture and T-score  ≤  −1.0 and 
≥−3.5) were randomized to receive denosumab 
60  mg SC Q6M or placebo. The primary end-
point was percentage change from baseline of 

lumbar spine BMD at 12  months. After 
12 months, BMD increased by 5.7% at the lum-
bar spine, 2.4% at the total hip, and 0.6% at the 
one-third radius in men treated with denosumab 
compared with baseline (adjusted P ≤ 0.0144 for 
differences at all skeletal sites compared with 
placebo) [26]. Serum CTX was significantly 
reduced at day 15 for men in the denosumab 
group compared with placebo (P < 0.0001). The 
BMD and CTX effects were independent of base-
line testosterone levels, baseline BMD, age, and 
estimated fracture risk. The incidence of AEs was 
similar in the 2 study groups. The study was not 
powered to detect differences in fracture rates. 
The increases in BMD and BTM changes were 
similar to those observed in women in the deno-
sumab group in FREEDOM, suggesting that 
fracture risk reduction in men is similar to 
women.

In the second year of the ADAMO study, all 
participating subjects in both groups received 
open-label denosumab 60 mg SC Q6M [27]. A 
total of 228 men were enrolled in the second year 
of the study with 219 completing the study. The 
exploratory endpoints for this open-label phase 
were BMD changes, CTX changes, and safety 
through month 24. In the long-term group receiv-
ing continuous denosumab for 24 months, there 
was a cumulative BMD increase of 8.0% at the 
lumbar spine, 3.4% at the total hip, and 0.7% at 
the one-third radius compared with baseline 
(P < 0.01 for all skeletal sites). There were sig-
nificant reductions in CTX levels in both groups 
compared with baseline. AE rates were similar in 
both groups and no new safety signals were 
identified.

A phase 3 randomized, double-blind, active- 
control, double-dummy, non-inferiority study 
compared the effects of denosumab 60  mg SC 
Q6M and risedronate 5 mg given orally in 795 
patients with glucocorticoid-induced osteoporo-
sis (low BMD or fragility fracture on chronic glu-
cocorticoid therapy with prednisone ≥7.5  mg 
daily or equivalent) [28]. Denosumab was found 
to be non-inferior and superior to risedronate for 
effect on lumbar spine BMD at 12 months. The 
incidence of AEs, SAEs, and fractures was simi-
lar between treatment groups.
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 Safety Concerns of Special Interest

 Immune Function

RANKL and RANK are expressed by immune 
cells that include activated T cells, B cells, and 
dendritic cells. Gene ablation studies in mice 
have shown that the complete absence of RANKL 
during embryogenesis is followed by total 
absence of lymph nodes [29], suggesting possible 
adverse immune effects in humans with RANKL 
inhibition due to denosumab. However, investi-
gation of rodents, cynomolgus monkeys, and 
humans with inhibition of RANKL has shown no 
evidence of significant impairment of parameters 
of immune function [30, 31]. In FREEDOM, 
numerical imbalances in the incidence of some 
infections (e.g., cellulitis as an SAE) led to a 
more thorough analysis of the data to determine 
whether there was a causal relationship or coinci-
dence in the occurrence of infections in subjects 
treated with denosumab (Table 15.1) [32]. It was 
found that SAEs of infections in the gastrointes-
tinal tract, urinary tract, ear, and endocarditis 
were numerically higher in subjects treated with 
denosumab compared with placebo, but the num-
ber of events was small, and there was no rela-
tionship between these events and the timing of 
dosing or duration of exposure to denosumab. It 

was concluded that there was no evidence of 
denosumab causing adverse immune effects 
resulting in infections. A subsequent analysis of 
safety observations in FREEDOM followed by 
3 years of FREEDOM extension, with some sub-
jects receiving 6 years of continuous denosumab, 
supported the findings of the previous analysis, 
with no evidence of increasing trends of imbal-
ances of these low frequency events [33].

 Combining Denosumab  
with Other Biologics

Rheumatoid arthritis is a chronic inflammatory 
disease that is associated with local and systemic 
skeletal effects that include focal joint erosions, 
subchondral joint erosions, periarticular osteopo-
rosis, and systemic osteoporosis [34]. Biologic 
agents now commonly used to treat rheumatoid 
arthritis appear to reduce periarticular bone loss, 
but effects on systemic bone loss are limited [35]. 
Adverse effects (e.g., risk of serious infections) 
have been reported with combining biologic 
agents for rheumatoid arthritis [36, 37], raising 
concerns of similar consequences when combin-
ing denosumab to treat osteoporosis in a patient 
receiving a biologic agent for rheumatoid arthri-
tis. However, the bulk of evidence to date sug-
gests there is no increase of infection rates in 
these patients. A 12-month randomized, phase 2, 
placebo-controlled clinical trial evaluated the 
effects of denosumab on structural damage, 
BMD, and bone turnover in 227 patients with 
rheumatoid arthritis receiving methotrexate [38]. 
In this study, which included some patients 
receiving a disease-modifying antirheumatic 
drug, denosumab inhibited structural skeletal 
damage in patients for up to 12 months, with no 
increase in the rates of AEs. In another study con-
ducting a retrospective review of Medicare claims 
data of 5814 patients with rheumatoid arthritis, it 
was found that the rate of hospitalization for 
infections was not increased in patients receiving 
denosumab plus a biologic agent (most often inf-
liximab or abatacept) compared with those 
receiving zoledronic acid [39]. These limited 
data provide reassurance that denosumab may be 

Table 15.1 Infections in the FREEDOM trial

Year 1 Year 2 Year 3
Incidence of serious adverse events of infection by year
  Placebo 42 (1.1%) 49 (1.3%) 47 (1.4%)
  Denosumab 55 (1.4%) 58 (1.6%) 54 (1.5%)
Positively identified bacterial infections
  Placebo 10 (0.3%) 12 (0.3%) 10 (0.3%)
  Denosumab 12 (0.3%) 15 (0.4%) 19 (0.5%)
Positively identified viral infections
  Placebo 0 (0.0%) 1 (<0.1%) 5 (0.1%)
  Denosumab 2 (0.1%) 4 (0.1%) 2 (0.1%)
Positively identified fungal infections
  Placebo 1 (<0.1%) 0 (0.0%) 0 (0.0%)
  Denosumab 1 (<0.1%) 0 (0.0%) 1 (<0.1%)

Reprinted from Watts et  al. [32]. With permission from 
Springer Nature
The incidence of serious adverse events as infections did 
not increase with longer duration of exposure to deno-
sumab, suggesting there is no causal relationship between 
treatment with denosumab and risk of infection
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safe for use in treating osteoporosis in patients 
with rheumatoid arthritis receiving a biologic 
agent, although definitive data are not available.

 Atypical Femur Fractures

In FREEDOM extension, there were 2 reported 
subjects with adjudicated AFF (0.8 per 10,000 
participant-years), 1 in the long-term group after 
7  years of continuous denosumab and 1  in the 
crossover group after 3 years of continuous deno-
sumab [10]. There have also been case reports of 
denosumab-treated patients with AFF [40–44].
Given the rarity of AFF, it is currently not possi-
ble to compare the incidence of AFF associated 
with denosumab vs. patients treated with bisphos-
phonates or the general population.

 Osteonecrosis of the Jaw

In FREEDOM extension, there were 13 adjudi-
cated cases of ONJ, 7 in the long-term group and 
6 in the crossover group (5.2 per 10,000 
participant- years) [10]. Of the 13 cases, 2 were 
lost to follow-up and the others resolved, 4 of 
whom had complete resolution while on deno-
sumab. In a systematic review of 35 randomized 
clinical trials reporting adverse effects of treat-
ment with denosumab, 7 reported cases of ONJ, 
all of which were in subjects treated with 120 mg 
SC every 4 weeks or Q6M, a dose that is higher 
than that used for osteoporosis [45]. Risk factors 
for ONJ in that analysis included dental extrac-
tion, use of removable dental apparatus, poor oral 
hygiene, and cancer chemotherapy.

 Hypocalcemia

Small asymptomatic decreases in serum calcium 
have been reported in clinical trials [5, 12]. 
Symptomatic hypocalcemia has been reported in 
patients with impaired renal function, especially 
those with creatinine clearance <30 mL/min and 
on dialysis [46, 47]. Other patients who are pre-
disposed to hypocalcemia, such as those with 

hypoparathyroidism, previous thyroid surgery, 
parathyroid surgery, malabsorption syndromes, 
or small bowel resection, should have serum cal-
cium closely monitored [1]. Serum calcium 
should be measured prior to administration of 
denosumab and pre-existing hypocalcemia, if 
present, should be evaluated and corrected. 
Patients should have an adequate intake of cal-
cium and vitamin D.

 Studies Comparing Denosumab 
with Bisphosphonates

The efficacy and safety of denosumab have been 
compared with alendronate in several studies. 
DECIDE (Determining Efficacy: Comparison of 
Initiating Denosumab versus alEndronate) was a 
12-month phase 3, double-blind, double-dummy, 
non-inferiority trial in 1189 postmenopausal 
women with low BMD (lumbar spine or total hip 
T-score ≤−2.0) [48]. Subjects were randomized 
to receive denosumab 60  mg SC Q6M plus 
weekly oral placebo or oral alendronate 70  mg 
weekly plus placebo SC injections Q6M. Changes 
in BMD, BTMs, and safety measures were 
assessed. At 12 months, there was a significantly 
greater BMD increase at the total hip with deno-
sumab compared with alendronate (treatment dif-
ference 0.9%, P  <  0.0001) as well as at other 
measured skeletal sites, with the treatment differ-
ence 1.1% at the lumbar spine and 0.6% at the 
one-third radius (P ≤ 0.0002 for all sites). There 
was greater suppression of BTMs with deno-
sumab and safety profile that was similar for both 
groups. The study was not powered to compare 
fracture rates between the 2 groups. STAND 
(Study of Transitioning from AleNdronate to 
Denosumab) was a 12-month phase 3, double- 
blind, active-controlled, double-dummy study in 
504 postmenopausal women with low BMD 
(lumbar spine or total hip T-score −2.0 to −4.0) 
who had previously been treated with alendro-
nate for at least 6  months (median 36  months) 
[49]. After a 1-month run-in period during which 
all subjects received open-label oral alendronate 
70 mg once weekly, subjects were randomized to 
receive denosumab 60 mg SC Q6M once every 
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6 months plus weekly placebo tablets or to con-
tinue oral alendronate 70 mg once weekly plus 
placebo SC Q6M.  Subjects were evaluated for 
changes in BMD, BTMs, and safety. At 
12  months, there was a statistically significant 
greater increase in BMD at all measured skeletal 
sites with subjects transitioning to denosumab 
compared with those continuing alendronate. 
Total hip BMD increased by 1.90% in the deno-
sumab group compared with 1.05% in the alen-
dronate group (P < 0.0001). Median serum CTX 
levels decreased significantly in the denosumab 
group compared with the alendronate group 
(P < 0.0001). AEs and SAEs were similar in both 
groups.

The effects of denosumab have been com-
pared with monthly oral bisphosphonates. The 
efficacy and safety of denosumab were compared 
with risedronate in a 12-month randomized open- 
label study of 870 postmenopausal women aged 
55 years and older who were previously subopti-
mally adherent to treatment with alendronate 
[50]. Subjects were randomized to receive deno-
sumab 60  mg SC Q6M or oral risedronate 150 
once monthly. Changes in BMD, BTMs, and 
safety were assessed. BMD increases and serum 
CTX decreases were significantly greater in the 
denosumab group compared with the risedronate 
group. AEs and SAEs were similar in both the 
groups. In another study of similar design, 833 
postmenopausal women who had discontinued or 
were poorly adherent to daily or weekly bisphos-
phonate therapy were randomized to receive 
open-label denosumab 60  mg SC Q6M or oral 
ibandronate 150  mg once monthly [51]. After 
12 months, BMD gains and serum CTX decreases 
were greater in the denosumab group compared 
with the ibandronate group. AEs were similar in 
the two groups. The incidence of SAEs was 9.5% 
in the denosumab group and 5.4% in the ibandro-
nate group (P  =  0.046), with no clustering of 
events to explain this difference. In a post-hoc 
analysis that combined the data from these 2 
studies, the incidence of AEs and SAEs in the 
overall population was similar in the denosumab 
and monthly oral bisphosphonate groups, except 
that the proportion of subjects with AEs leading 
to study discontinuation was lower in the deno-

sumab group compared with the oral bisphospho-
nate group (0.8% vs. 3.0%, respectively; 
P = 0.0013) [52].

The effect of transitioning from an oral 
bisphosphonate to denosumab or zoledronic acid 
was evaluated in a randomized, double-blind 
study of 643 postmenopausal women [53]. 
Subjects were randomized to receive denosumab 
60 mg SC Q6M for 12 months plus intravenous 
(IV) placebo or zoledronic acid 5 mg IV plus pla-
cebo SC Q6M.  BMD increases and CTX 
decreases were greater in the denosumab than 
zoledronic acid group. AEs were similar in the 
two groups. Three patients with adjudicated AFF 
were reported, two in the denosumab group and 
one in the zoledronic acid group.

 Denosumab and Anabolic Therapy

The DATA (Denosumab And Teriparatide 
Administration) study provided information 
comparing the effects of denosumab and teripara-
tide, alone or combined. In this study, 94 post-
menopausal women with osteoporosis were 
randomized to receive denosumab 60  mg SC 
Q6M, teriparatide 20 mcg SC daily, or a combi-
nation of both [54]. BMD was measured at 0, 3, 
6, and 12  months. At 12  months, lumbar spine 
BMD increased more in the combination group 
(9.1%) compared with the denosumab alone 
(5.5%, P = 0.0005) or teriparatide alone (6.2%, 
P = 0.0139). A similar pattern was seen for BMD 
changes at the total hip and femoral neck. In the 
DATA extension study, the 3 groups continued 
with the same treatment for an additional 
12  months [55]. At 24  months, lumbar spine 
BMD increased more in the combination group 
(12.9%) compared with the denosumab alone 
(4.1%, P  =  0.008) or teriparatide alone (9.5%, 
P = 0.003) groups, with a similar pattern at the 
hip. The finding of additive effects on BMD with 
a combination of denosumab and teriparatide is 
in contrast to the lack of additive effect in studies 
combining alendronate with teriparatide [56, 57].

DATA-Switch was a preplanned extension of 
the DATA study in which women in the combi-
nation group for 24  months were switched to 
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denosumab for an additional 24 months (combi-
nation to denosumab group, n = 23), those treated 
with denosumab for 24 months were switched to 
teriparatide for an additional 24  months (deno-
sumab to teriparatide group, n = 27), and those 
treated with teriparatide for 24  months were 
switched to denosumab for an additional 
24  months (teriparatide to denosumab group, 
n = 27) [58]. The primary outcome measure was 
change in lumbar spine BMD over 4 years. The 
observed lumbar spine BMD increase at 4 years 
was 16.0% in the combination to denosumab 
group, 14.0% in the denosumab to teriparatide 
group, and 18.3% in the teriparatide to deno-
sumab group compared with baseline. However, 
it is notable that there was a transient decrease in 
BMD at the total hip and femoral neck and pro-
gressive bone loss at the one-third radius, when 
switching from denosumab to teriparatide. This 
was in contrast to further increases in BMD at all 
measured skeletal sites when switching from 
combination or teriparatide to denosumab. 
Switching from denosumab was associated with 
a large increase in bone turnover markers, with 
osteocalcin rising to 275% above baseline and 
CTX rising to 183% above baseline after 
6 months of teriparatide. These findings suggest 
that switching from denosumab to teriparatide 
should be undertaken with caution, if at all, and 
that initial use of anabolic therapy or a combina-
tion of an anabolic agent and denosumab may be 
preferable in high risk patients. Other studies 
support the concept that treatment sequence is 
important for optimizing benefits in high risk 
patients, with an anabolic followed by an antire-
sorptive agent preferable to an antiresorptive fol-
lowed by an anabolic agent [59].

 Consequences of Denosumab 
Discontinuation

It was demonstrated in the phase 2 trial of deno-
sumab in postmenopausal women with low BMD 
that discontinuation of denosumab after 2 years 
of continuous therapy was followed by a rapid 
decline in BMD (6.6% at the lumbar spine and 
5.3% at the total hip within 12 months of treat-

ment discontinuation) and increase of BTMs to 
levels above baseline [18]. This raises concern 
that fracture risk may return to baseline, or per-
haps higher than baseline, soon after treatment 
discontinuation. Published case reports have 
described multiple vertebral fractures after dis-
continuation of denosumab [60–63]. The effect of 
treatment discontinuation on vertebral fractures 
was evaluated in a post-hoc analysis of data from 
FREEDOM and FREEDOM extension [64]. This 
was an analysis of 1475 study participants who 
discontinued treatment after receiving at least 2 
doses of denosumab or placebo and remaining in 
the study for at least 7 months after the last dose. 
Vertebral fracture risk increased with denosumab 
discontinuation to the level observed in untreated 
subjects, with a majority of those with a vertebral 
fracture after discontinuing denosumab having 
multiple vertebral fractures. Of those having a 
vertebral fracture after denosumab discontinua-
tion, 61% had multiple vertebral fractures, com-
pared with 39% multiple fractures after placebo 
discontinuation. Fracture rates were low in both 
groups, with the risk of multiple vertebral frac-
tures 3.4% after stopping denosumab and 2.2% 
after stopping placebo (P = 0.049). The risk of 
vertebral fractures was greatest in those with a 
prior vertebral fracture. These data strongly sug-
gest that patients who discontinue denosumab 
should rapidly switch to another antiresorptive 
agent and that a “drug holiday” is not appropriate 
for patients treated with denosumab [65].

A position statement of the European Calcified 
Tissue Society [66] recommends that patients be 
evaluated for fracture risk after 5 years of treat-
ment with denosumab. When fracture risk is 
high, treatment for up to 5 more years, then 
switching to a bisphosphonate is advised. For 
patients at low risk of fracture, consider stopping 
denosumab and switching to a bisphosphonate.

The optimal bisphosphonate regimen after 
denosumab discontinuation is not known. 
Alendronate has been shown to maintain BMD 
in subjects stopping denosumab after 1 year of 
treatment. In a 24-month, randomized, crossover 
study comparing denosumab with alendronate in 
250 postmenopausal women with low BMD, 
there were further BMD increases with 1 year of 
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denosumab after 1 year of alendronate and sta-
bility of BMD with 1 year of alendronate after 
1 year of denosumab [67]. In a case series of 6 
women with postmenopausal osteoporosis 
treated with 7 years of continuous denosumab in 
FREEDOM, zoledronic acid 5  mg IV was 
administered 6  months after the last dose of 
denosumab [68]. There was a significant 
decrease in BMD at the lumbar spine and total 
hip (Fig.  15.2) when BMD was measured 
18–23 months after receiving zoledronic acid. It 
was hypothesized that the disappointing treat-
ment effect of zoledronic acid under these cir-
cumstances may have been due to the diminished 
uptake at bone surfaces due to profound suppres-
sion of bone remodeling by denosumab. In 
another case series, postmenopausal women 
with osteoporosis completing a clinical trial end-
ing with 2 years of open-label denosumab, pre-
ceded by 1  year of romosozumab or placebo, 
were offered follow-up treatment with IV zole-
dronic acid or oral risedronate [69]. Women who 
chose zoledronic acid, given after a median 
delay of 65 days from the end of the trial, had the 

best outcomes for maintaining BMD, with 73% 
retention of the prior BMD increase at the lum-
bar spine and 87% retention of the prior BMD 
increase at total hip. Subjects receiving no fol-
low-up treatment had 10–20% retention of the 
prior BMD increase; those who chose risedro-
nate had 41–64% retention of the prior BMD 
increase. While some BMD loss may be inevita-
ble when switching from denosumab to a less 
robust antiresorptive agent, the preferred strat-
egy based on the limited data now available may 
be to administer zoledronic acid 7–8  months 
after the last dose of denosumab or alendronate 
starting 6 months after the last dose. The strategy 
of switching to another antiresorptive agent after 
denosumab discontinuation was validated in fol-
low- up of subjects completing the DATA and 
DATA-Switch studies [70]: those who received 
antiresorptive therapy maintained BMD while 
those who did not experienced BMD loss.

 Summary

Denosumab is a highly effective agent for the 
treatment of osteoporosis in postmenopausal 
women and men, with a favorable safety profile 
in appropriately selected patients. It also has 
applications for the management of other condi-
tions characterized by bone loss and skeletal fra-
gility. There are uncertainties regarding the 
optimal duration of treatment. Unlike bisphos-
phonates, it is not retained in the skeleton and its 
therapeutic effects are rapidly reversed with dis-
continuation. When denosumab therapy is 
stopped, it should be followed by another antire-
sorptive agent. Teriparatide after denosumab, a 
treatment sequence that should likely be avoided, 
has been associated with progressive or transient 
bone loss.
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Fig. 15.2 Treatment with zoledronic acid after deno-
sumab. After long-term treatment with denosumab, zole-
dronic acid administered 6 months after the last dose of 
denosumab was followed by a decrease in BMD.  This 
may be a consequence of profound reduction in the rate of 
bone remodeling with denosumab that limits the skeletal 
uptake of zoledronic acid. It suggests that a delay in zole-
dronic acid dosing to longer than 6 months after the last 
dose of denosumab may be more effective. (Reprinted 
from Reid et  al. [69].  With permission from Springer 
Nature)
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The Parathyroid Hormone 
Receptor Type 1

Thomas J. Gardella

 Introduction

The type-1 parathyroid hormone receptor, or 
PTHR1, mediates the actions of two structur-
ally related, but genetically distinct peptide 

ligands – parathyroid hormone (PTH) and para-
thyroid hormone- related protein (PTHrP). Upon 
binding these ligands, the PTHR1 couples to a 
heterotrimeric G protein (Gα/β/γ) to thereby 
activate downstream signaling responses in the 
target cell. The PTHR1 can couple to multiple 
G proteins, but the most efficient coupling is to 
G protein heterotrimers containing the stimula-
tory alpha subunit, Gαs, which mediates positive 
activation of the adenylyl cyclase (AC)/cAMP/
protein kinase A (PKA) signaling cascade. The 
biological roles of PTH and PTHrP are markedly 
distinct. PTH is a secreted hormone that func-
tions to maintain blood calcium and phosphate 
homeostasis by regulating mineral ion fluxes in 
the bone and kidney. PTHrP, on the other hand, 
is a morphogenetic factor that acts in paracrine 
fashion to regulate cell differentiation programs 
in developing tissues, most notably in the growth 
plates where it slows the conversion of prolifer-
ating chondrocytes into end-stage hypertrophic 
during endochondral bone formation [1]. The 
complex and critical nature of the overall biology 
controlled by the PTHR1 is reflected by the vari-
ous diseases that can arise with perturbation in 
the system, as, for example, with mutations in the 
genes for the receptor or its ligands, as discussed 
in a later section of the chapter. It is therefore 
not surprising that considerable research effort 
has been directed at understanding the molecular 
mechanisms by which the PTHR1 functions, in 
terms of binding its two ligands and mediating 
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Key Points
• The parathyroid hormone receptor type 

1 (PTHR1) is a class B G protein- 
coupled receptor.

• The PTHR1 binds two distinct peptide 
ligands, PTH and PTHrP, to regulate 
two distinct biological processes, cal-
cium homeostasis and tissue develop-
ment, respectively.

• Novel analogs of PTH or PTHrP can 
bind to distinct PTHR1 conformations 
and induce altered functional responses, 
including prolonged signaling from 
endosomes.

• A number of diseases of bone and min-
eral ion physiology are linked to defects 
in the PTHR1 signaling system.

• The PTHR1 is a key target of interest for 
pharmaceutical development.
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the signaling responses that give rise to the spe-
cific biochemical and/or growth-related changes 
in the various target cells.

 Structural Overview of the PTHR1, 
a Class B GPCR

The PTHR1 is a member of the G protein- 
coupled receptor (GPCR) superfamily of inte-
gral membrane proteins, and it specifically 
belongs to the class B subgroup of GPCRs. 
The primary structure of the PTHR1 and its 
basic protein domain organization is shown in 
the snake plot diagram of Fig.  16.1. The class 
B subgroup of GPCRs is comprised of 15 
receptors, each of which binds a moderately 
sized peptide hormone ligand. These receptors 
include, in addition to the PTHR1, the receptors 
for glucagon, glucagon-like peptide-1 (GLP-1), 
calcitonin, corticotropin-releasing factor (CRF), 
secretin, and several other peptide hormone 
ligands. Other than employing the same basic 
seven-transmembrane domain helical protein 
architecture used by all GPCRs, class B GPCRs 
share no direct amino acid sequence homology 
with the other GPCRs, of which there are a total 
of some 800 encoded in the human genome and 
which are grouped, based on amino sequence 
homology, into four main classes: A, B, C, 
and F [2, 3]. The class B receptors as a group 
exhibit ~30% overall amino acid sequence iden-
tity and are characterized by a number of highly 
conserved signature residues that are located 
at dispersed sites throughout the sequence, but 
mainly in the large N-terminal extracellular 
domain (ECD) portion of the receptor, and in 
the transmembrane domain (TMD) portion that 
contains the seven-transmembrane helices and 
interconnecting loops. A hallmark feature of 
the class B receptors is the absolute conserva-
tion of six cysteine residues in the ECD. These 
cysteines form a disulfide bond network that 
maintains a specific tertiary fold that is used in 
common for the ECDs of each of the class B 
GPCRs. The PTHR1 ECD contains four aspara-
gine residues that are glycosylated during intra-
cellular processing and transport to the plasma 
membrane. A unique feature of the ECD of 

the PTHR1 in humans and other mammals is a 
44-amino acid segment, Ser61-Gly105, that is 
inserted between the first and second cysteine 
residues. An equivalent segment is not present 
in the PTHR1 of lower vertebrates nor in any 
other class B GPCR including the so-called 
PTHR2 subtype, which binds a distinct peptide 
ligand called TIP-39 and likely functions in the 
neuroendocrine system rather than in bone or 
calcium physiology, as will be discussed later. 
The inserted segment of the mammalian PTHR1 
is encoded by a separate gene exon, called E2, 
and does not contribute to receptor function, as 
it can be deleted without affecting ligand bind-
ing or downstream signaling [4].

 Ligand Pharmacology at the PTHR1

The endogenous ligands for the PTHR1, PTH, 
and PTHrP are straight-chain polypeptides of 
84 and 141 amino acids, respectively. Structure- 
activity relationship studies on PTH began in the 
1970s with the determination of the amino acid 
sequence of the native hormone extracted from 
bovine parathyroid glands [5, 6] and the subse-
quent chemical synthesis of a bioactive PTH 
peptide, the N-terminal PTH (1-34) fragment [7]. 
Characterization of this synthetic PTH (1-34) 
peptide and its truncated fragment derivatives in 
cells or membranes prepared from bone and kid-
ney tissue made it clear that the first 34 amino 
acids of PTH contain sufficient information for 
productive and high-affinity interaction with the 
PTH receptor [7, 8].

PTHrP was discovered in the late 1980s as the 
hypercalcemia-causing factor secreted by many 
tumors in late-stage malignancy, which induced 
effects similar to those observed with hyperpara-
thyroidism or with high-dose administration of 
PTH [9]. As with PTH, synthetic N-terminal 
PTHrP peptides, such as PTHrP (1-34) or PTHrP 
(1-36), which is often used since it is thought to 
represent an endogenous cleavage fragment of 
the precursor peptide, mimic the actions of the 
full-length polypeptide in cell- and membrane- 
based functional assays [10, 11]. Further studies 
on truncated fragments defined the N-terminal 
and C-terminal portions of PTH (1-34) and 
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Fig. 16.1 Primary structure of the human PTH-1 recep-
tor. The hPTHR1 amino acid sequence is displayed as a 
snake plot to illustrate the overall domain organization 
and location of selected key residues. These include the 
eight extracellular cysteines that form a disulfide bond 
network (connecting dotted lines), the four glycosylated 
extracellular asparagines; Pro132 at which loss-of- 
function mutations occur in Blomstrand’s lethal chondro-
dysplasia (compound homozygous) and in failed tooth 
eruption (heterozygous); His223, Thr410, and Ile458 at 

which activating mutations occur in Jansen’s metaphyseal 
chondrodysplasia; cytoplasmic sites of serine and threo-
nine phosphorylation; the C-terminal residues that medi-
ate PDZ-domain interactions with NHERF proteins; and 
residues involved in direct ligand interaction (filled shaded 
circles with position numbers). The residue shown as a 
filled hexagon in each transmembrane domain helix is the 
residue in that helix that is most conserved among the 
class B GPCRS [127]. (Adapted from Gardella et  al. 
[128].With permission from Elsevier)

PTHrP (1-34) as being critically important for 
induction of receptor activation and receptor 
binding, respectively (Fig. 16.2a). These findings 
led to the development of PTH (7-34)- or PTHrP 
(7-34)-based peptide analogs as competitive 

antagonists for the PTH receptor [12–15]. Short 
N-terminal PTH fragments that lack the major 
C-terminal determinants of receptor binding 
located in the [15–34] region are generally inert, 
due to a loss of affinity interactions. However, 
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Fig. 16.2 Ligand-binding mechanisms at the PTHR1. (a) 
Sequence of PTH (1-34) and PTHrP (1-34) bioactive pep-
tides. PTH residues are shown in blue and PTHrP residues 
in green with residues that are identical to those in PTH in 
blue. The principal N-terminal signaling and C-terminal 
binding domains and the PTH (7-34) antagonist scaffold 
are also indicated in the schematic. (b) The two-domain 
model of ligand binding and activation at the PTHR1, as 
originally developed by cross-linking and mutagenesis 
data obtained for the PTHR1: the C-terminal portion of 
PTH (1-34) first docks to the amino-terminal extracellular 
domain (ECD) of the receptor to provide affinity interac-
tions; then, the amino-terminal portion of the ligand 
engages the transmembrane domain (TMD) portion of the 

receptor to induce conformational changes that enable G 
protein coupling. (c) Refinement of the two-domain 
model based on recent high-resolution X-ray-crystal and 
cryo-EM structures obtained for the PTHR1. The ligand, 
PTH (1-34) is shown in orange, and it binds as a nearly 
linear α-helix and makes extensive contacts with exposed 
extracellular surfaces in both the ECD and TMD receptor 
regions. Ligand binding results in an outward movement 
of the cytoplasmic termini of several of the TM helices, 
particularly TM6, to thus open a cavity that will accom-
modate the G protein. (Models of Panel c are adapted 
from Ref. [41] for the G protein-uncoupled states; and 
from Ref. [42] for the G protein-coupled state)
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modified N-terminal peptides based on the PTH 
(1-11) and PTH (1-14) scaffolds have been devel-
oped that function as potent PTH receptor ago-
nists [16–19]. The amino acid modifications in 
these N-terminal peptides enhance, either directly 
or indirectly, the productive interaction of the 
ligand fragment with the receptor.

The basic pharmacological work on ligand 
binding mechanisms conducted with synthetic 
bioactive PTH peptides and responsive cells and 
tissues facilitated the subsequent cloning of the 
cDNA encoding the PTHR1 in 1991 [20]. Studies 
on this cDNA revealed the PTHR1 (1) to be a 
GPCR, (2) to bind both PTH (1-34) and PTHrP 
(1-34) ligands with near equal affinity, and (3) to 
represent a distinct GPCR subgroup, now termed 
the class B GPCRs, as discussed earlier.

 Evolutionary Origin and Gene 
Divergence of the PTHR1

The critical nature of the bone and mineral ion 
processes regulated by the PTHR1 suggests an 
early evolutionary origin. This notion is indeed 
supported by genomic studies conducted in vari-
ous species. In humans, the gene for the PTHR1 
resides on chromosome 3 (locus 3p22-p21.1). 
The gene spans a ~26 kilobase (kb) DNA seg-
ment [21]. The predicted transcript consists of 14 
coding exons and 2 noncoding exons. The genes 
for the other class B GPCRs generally exhibit a 
similar intron/exon organization, suggesting they 
evolved from a common ancestral gene [22]. The 
PTHR1 is present in all vertebrate species and can 
be traced back via genomic analysis to at least the 
emergence of the early chordates (~530 million 
years ago). Homologous coding sequences have 
thus been found in several invertebrate species, 
including the amphioxus, Branchiostoma flori-
dae, and the tunicate, Ciona intestinalis  [23]. 
Sequences exhibiting ~70% amino acid simi-
larity to at least portions of the human PTHR1 
have also been identified in the genomes of some 
insects, including the red flour beetle (Tribolium 
castaneum) and honey bee (Apis mellifera) 
although not detected in the fruit fly (Drosophila 
melanogaster) [24, 25]. The biological function 

of any such invertebrate PTHR- like sequence is 
unknown.

Two rounds of whole genome duplication dur-
ing metazoan evolution are thought to underlie 
the diversification of the primal PTHR coding 
sequence into what can now be seen in fish and 
variably in other vertebrate species, as four PTH 
receptor subtypes or orthologs  – PTHR1, 
PTHR1b (formerly PTHR3, found only in fish), 
PTHR2 and PTHR2b [26, 27]. The PTHR1b 
(PTHR3) subtype has only been characterized in 
fish, as a corresponding sequence is not detected 
in higher vertebrates, including humans [28]. The 
close sequence homology and responsiveness to 
PTH ligands confirm fish PTHR1b to be a close 
ortholog of the PTHR1 [27]. The PTHR2 is pres-
ent in mammals, including humans, in which it 
shows 51% amino acid identity to the PTHR1, 
and it is also found in fish, but not in birds [26]. 
The PTHR2 does not interact efficiently with 
either PTH or PTHrP, but instead responds to a 
distinct endogenous peptide ligand, called TIP- 
39. This ligand is a 39-amino acid peptide that 
shares some trace homology with the N-terminal 
(1-34) regions of PTH and PTHrP [29]. While 
TIP-39 potently activates the PTHR2, it is inac-
tive on the PTHR1, albeit it does bind to the 
PTHR1 with moderate affinity. The biological 
roles of the PTHR2 and TIP-39 are not fully 
delineated but appear to involve actions in the 
neuroendocrine system [30], including pain and 
fear responses [31, 32].

 Mechanisms of Ligand Binding 
at the PTHR1

Consistent with the capacity of both PTH (1-34) 
and PTHrP (1-34) to bind to the PTHR1 with 
similar affinities and activate cAMP-based sig-
naling responses with similar potencies, the 
two peptides exhibit considerable amino acid 
sequence homology in their amino terminal 
portions, particularly in the N-terminal (1-13) 
portions where 8 of the first 13 residues are 
identical (Fig.  16.2a). Early studies aimed at 
elucidating key sites of binding and activation 
for the PTHR1 employed a combination of 
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site-directed mutagenesis and synthetic peptide 
design approaches to alter targeted residues in the 
ligand and receptor [4, 33–35]. These functional 
approaches were complemented by a parallel use 
of photoaffinity cross-linking methods to directly 
map sites of proximity between ligand and recep-
tor [36–40]. Together, these studies established 
that PTH (1-34) binds to the PTHR1 via a two-
site mechanism that involves (1) an initial bind-
ing interaction between the [15–34] portion of the 
ligand and the ECD portion of the receptor and 
(2) a subsequent signaling interaction between 
the N-terminal (1-14) portion of the ligand and 
the TMD region of the receptor (Fig. 16.2b). This 
two-site mode of binding was also found to be 
used by other class B GPCRs and their cognate 
peptide ligands. The general model for PTHR1 
is now verified and can be further refined by 
information gained from recent high-resolution 
crystal and cryo-EM structures that have been 
determined for the PTHR1 (Fig.  16.2c). Key 
findings from these structural structures are dis-
cussed in detail in the next section.

 High-Resolution Molecular 
Structures of the PTHR1

The first high-resolution three-dimensional struc-
tures of the PTHR1 were reported in 2018 and 
early 2019. Two structures were obtained using 
two complementary approaches (Fig.  16.3). 
The structure reported by Ehrenmann et al. was 
derived using conventional X-ray crystallography 
methods [41], while the structure of Zhao et  al. 
was derived using cryogenic electron microscopy 
[42]. The former technique required the introduc-
tion of various mutations and protein modifica-
tions to stabilize the otherwise flexible receptor 
protein sufficiently to allow crystal formation. 
The latter technique does not require or involve 
formation of crystals and so derives the structure 
of the receptor in a near-native state, although 
in general, cryo-EM structures are typically 
obtained at lower resolution than X-ray crystal 
structures. Nevertheless, both PTHR1 structures 
were resolved at a high enough resolution – 2.5 Å 
for the crystal structure and ~3.0 Å for the cryo-

EM structure - to not only reveal the basic over-
all topology of the protein architecture but also 
enable a direct mapping of key molecular inter-
actions that mediate peptide ligand binding and 
receptor activation. Each structure was obtained 
as a complex with a high-affinity PTH peptide 
analog, a PTH (1-34) analog called ePTH in the 
X-ray crystal structure, and a long-acting PTH/
PTHrP hybrid analog called LA-PTH  [43] in the 
cryo-EM structure. The cryo-EM structure further 
includes a coupled heterotrimeric G protein, Gαs/
β/γ,and so appears to reflect a true active- state 
PTHR1 configuration. In contrast, the X-ray crys-
tal structure was obtained with a PTHR1 variant 
that is defective for signaling due to the thermo-
stabilizing mutations and does not include a cou-
pled G protein, and so it seems more consistent 
with an intermediate state of agonist activation.

Ligand Binding Mode The overall protein 
architecture of the PTHR1 and the mechanisms 
of peptide ligand binding and activation that can 
be inferred from these structures are largely con-
sistent with the two-site model established by the 
prior mutational and cross-linking approaches. 
The general mechanisms of binding and activa-
tion are also highly similar to those established 
for several other class B GPCRs for which high- 
resolution structures have been obtained, with 
hormone specificity being maintained by amino 
acid variations at sites that serve as critical deter-
minants of hormone recognition [44]. The basic 
mechanism involves binding of the peptide ligand 
in a linear α-helical configuration. For PTH 
(1-34), the C-terminal (15-34) portion of the 
ligand helix fits into a hydrophobic groove in the 
receptor’s ECD [45], while the N-terminal por-
tion of the ligand, residues 1-14, extends down 
into the core of the TMD bundle. Binding to the 
ECD is stabilized by hydrophobic interactions 
formed between Trp23, Leu24, and Leu28, one 
helical face of the ligand, and complementary 
nonpolar surfaces lining the ECD binding groove. 
The side chain of Arg20  in the ligand makes 
extensive interactions with polar residues located 
at one end of the ECD. Residues, Arg20, Trp23, 
Leu24, and Leu28 are highly conserved in 
PTH and PTHrP ligands, while residues on the 
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Fig. 16.3 High-resolution molecular structures of the 
PTHR1 in complex with PTH (1-34) analogs. (a) Structure 
of the PTHR1 in a non-signaling partially activated state 
obtained by X-ray crystallography [41]. Structure of the 
PTHR1 in a G protein-coupled, active state obtained by 
cryogenic electron microscopy [42]. The PTHR1  in the 
crystal structure contains thermostabilizing mutations that 
block signaling. In each complex, the ligand is shown in 
red, the receptor in green, and the α, β, and γ subunits of 
the heterotrimeric G protein in blue, orange, and yellow, 
respectively. The yellow line traces the path of TM helix 6 
and highlights the pronounced bending and unwinding of 

the helix in the active-state structure to open a cytoplas-
mic cavity that accommodates helix 5 (H5) of Gαs. (c) 
Sequences of the ePTH and LA-PTH analogs contained in 
the structures of (a) and (b), respectively, with PTH resi-
dues shaded blue, PTHrP residues shaded green, and 
modified residues purple (ACPC and Aib are amino cyclo-
pentane carboxylic acid and amino-isobutyric acid, 
respectively). (The structural models were generated from 
the protein database coordinate files 6FJ3 from Ref. [41] 
for the G protein-uncoupled states and 6NBF from Ref. 
[42] for the G protein-coupled state)
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opposite ligand helix face, which is mostly polar, 
are less well conserved and are not critical for 
binding. Previous X-ray crystal structures of the 
isolated ECD in complex with PTH (15-34) or 
PTHrP (12-34) showed slight differences in the 
binding poses utilized for the two peptide frag-
ments [46], which is consistent with the notion 
that PTH and PTHrP do not interact identically 
with their shared receptor [47].

The N-terminal (1-14) region of the ligand 
forms multiple contacts with various side chain 
and peptide backbone functional groups that are 
displayed over the surfaces of the orthosteric 
ligand-binding pocket formed on the extracellu-
lar face of the receptor’s TMD bundle. These 
interactions lead to the induction of the confor-
mational changes involved in receptor activation 
and G protein coupling. Overall, the total ligand- 
receptor contact surface is extensive and involves 
almost every residue in the PTH (1-34) peptide 
ligand, numerous cognate amino acid residue 
side chains, and backbone functional groups 
located in both the ECD and TMD portions of the 
receptor. These contacts together provide the 
complex with overall stability and affinity of 
ligand binding, while at the same time providing 
a mechanism of activation as well as ligand 
escape once the activation process is complete.

Mechanism of Receptor Activation In the 
structures, ligand residues Val2-Glu4 extend the 
deepest into the core of the TMD helical bundle 
and contact the floor of the orthosteric cavity 
(Fig.  16.4). Previous ligand and receptor muta-
genesis studies show that the first nine amino 
acids of PTH contain critical determinants of 
receptor activation [48]. In both the X-ray crystal 
and cryo-EM structures, a number of specific 
contacts occur between conserved residues in the 
1–9 region of the ligand and residues in the ortho-
steric pocket. Some, if not all, of these contacts 
are likely to play some role in triggering the con-
formational changes involved in receptor activa-
tion. One key set of interactions is a network of 
hydrogen bonds and Coulombic interactions that 
is formed by the side chain carboxylate of gluta-
mate- 4 in the ligand and polar residues projecting 

from several of the transmembrane helices 
(TMs), including Tyr195  in TM1, Arg233  in 
TM2, and Gln451  in TM7 (Fig.  16.4b, c). 
Dynamic interactions within this polar network 
are thus predicted to play key roles in triggering 
the conformational rearrangements in the hepta 
helical bundle involved in activation. One critical 
step in the conformational rearrangement is the 
pronounced bending and partial unwinding at the 
midpoint of the helix 6, which occurs around 
Pro415 and results in the wide outward move-
ment of the cytoplasmic end of TM6 as well as 
TM7 (Fig. 16.2). These outward movements, in 
turn, open a cavity on the cytoplasmic face of the 
TMD bundle that serves as the principal docking 
site for the G protein and specifically accommo-
dates helix 5 of the alpha subunit. The coupled G 
protein then undergoes a conformational change 
that leads to an exchange of GTP guanine nucleo-
tide for the GDP bound within Gα, followed by 
the release of the activated G protein and activa-
tion of downstream effectors, which, for the 
PTHR1 and Gαs, is adenylyl cyclase (AC). 
Activation of AC in turn increases the intracellu-
lar levels of cAMP, a second-messenger signal-
ing molecule that activates protein kinase A 
(PKA), which in turn further activates a variety of 
downstream mediators of the amplified signaling 
cascade, including other secondary kinases and 
gene transcription regulators [49].

 Regulation and Termination 
of Signaling

The signaling responses activated by the 
PTHR1  in any given target cell must be tightly 
regulated in terms of amplitude and duration in 
order for the system to achieve normal physi-
ologic adaption. This regulation involves mul-
tiple subcellular processes. A key early step is the 
phosphorylation of a number of hydroxyl- bearing 
residues in the C-terminal cytoplasmic tail of the 
receptor. The principal sites of phosphorylation 
are seven serines that lie in a cluster – Ser489- 
Ser504 – in the proximal region of the C-terminal 
tail, although recent mass spectroscopy analyses 
have revealed Thr387 and Thr392 in intracellular 
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loop (ICL3) as additional phosphorylation sites 
(Fig.  16.1) [50, 51]. G protein receptor kinases 
(GRK)-2 and GRK-5 mediate serine phosphory-
lation. The key consequence of phosphorylation 
is the recruitment of a β-arrestin molecule to the 
activated receptor, which promotes the internal-
ization of the receptor to endosomal vesicles via 
a process of clathrin-coated pit (CCP)-mediated 
endocytosis. Classically, the recruited β-arrestin 
was thought to compete with and displace the 

bound G protein, which would further promote 
signal termination. Recent structural data, how-
ever, indicate that at least for some GPCRs, both 
β-arrestin and a G protein can bind simultane-
ously [52]. In fact, for the PTHR1, evidence has 
been presented that β-arrestin promotes Gαs- 
mediated cAMP signaling and extends the dura-
tion of the signaling response, as will be discussed 
later [53]. In any case, PTHR1 internalization 
occurs soon (within minutes if not seconds) after 
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Fig. 16.4 Critical ligand interaction determinants in the 
TMD region of the PTHR1. (a) Cryogenic electron 
microscopy structure of the PTHR1  in complex with 
LA-PTH showing the N-terminal (1-14) segment of the 
ligand entering into the core region of the receptor’s TMD 
bundle [42]. (b) Close-up view of the orthosteric ligand- 
binding pocket within the receptor’s TMD bundle show-
ing ligand residues Ala1-Glu4 making multiple contacts 

to residues dispersed within the cavity. (c) Hydrogen- 
bond network involving the side chain carboxylate atoms 
of Glu4 and polar groups of Tyr195 in TM1 and Arg233 in 
TM2, which together with Gln451 in TM7 form a polar 
network that is predicted to rearrange as a key step in the 
receptor activation process. (Adapted from Zhao et  al. 
[42]. With permission from The American Association for 
the Advancement of Science)
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initial agonist binding, with the CCPs pinching 
off from the plasma membrane as vesicles and 
the vesicles transiting along the endocytic net-
work. During this movement, the vesicle interior 
progressively acidifies, which, for the PTHR1- 
PTH(1-34) complex, destabilizes the interaction 
to result in the release of the ligand from the 
receptor and hence signal termination. Vesicle 
acidification is mediated by the vacuolar ATPase 
proton pump, the activity of which is stimulated 
by cAMP/PKA-dependent phosphorylation. This 
cAMP/PKA-mediated phosphorylation-induced 
vesicle acidification provides the PTHR1 signal-
ing system with a negative feedback mechanism 
of regulation [54].

Another step in signal regulation that occurs in 
endosomes and which is promoted by or at least 
coincident with vesicle acidification is the engage-
ment of the ligand-receptor complex with ret-
romer, which is an assembly of vesicle transport 
proteins that act to sort the endosomal cargo, i.e., 
the receptor, to either the lysosomal pathway for 
degradation or to the recycling pathway for trans-
port back to the cell surface [55, 56]. A further 
mechanism by which PTHR signaling can be reg-
ulated involves ubiquitination of the receptor on 
several cytoplasmic lysines, particularly Lys388 
and Lys484. Ubiquitination does not appear to be 
required for internalization, or to have a direct 
effect on cAMP signaling, but it can modulate sig-
naling through the mitogen- activated protein 
kinase (MAPK) cascade [51]. Yet another mecha-
nism by which PTHR1 signaling can be regulated, 
or at least modulated, involves interaction with the 
Na(+)-H(+) exchanger regulatory factor (NHERF) 
family of proteins, which mediate protein-protein 
interactions with the actin cytoskeletal network 
and associated cytosolic and plasma membrane 
proteins. For the PTHR1, these interactions occur 
via PDZ-domain recognition motifs that reside in 
the C-terminal tail of the receptor (Fig. 16.1). The 
effects of PTHR1- NHERF interactions are best 
seen in the studies on the capacity of PTHR1 sig-
naling to promote the retrieval of the sodium-
dependent phosphate transporter, NPT2A, from 
the apical surface of renal proximal tubule cells 
[57 58], which underlies the potent phosphaturic 
effects of parathyroid hormone.

 Altered Modes of PTHR1 Signaling 
by Conformational Selectivity

A series of recent studies have shown that struc-
turally distinct peptide ligands of the PTHR1, 
including unmodified PTH (1-34) and PTHrP 
(1-36) peptides, as well as analogs designed with 
various natural and non-natural amino acid sub-
stitutions, can bind to the PTHR1 via different 
mechanisms to thereby induce different types of 
signaling responses in target cells. One type of 
variation in signaling response is a shift in the 
second-messenger signaling pathway activated, 
as in the relative decrease in signaling via the 
Gαq/phospholipase C/inositol triphosphate/
intracellular calcium/protein kinase C pathway 
versus the Gαs/AC/cAMP/PKA pathway that is 
seen with PTH analogs having serine at position 
1 replaced by a bulky residue, such as trypto-
phan [59, 60]. A second type of signaling varia-
tion involves differences in the duration of the 
cAMP response that is activated by a given PTH 
ligand analog [61]. Such temporal differences in 
signaling arise from the different affinities with 
which the analog ligands bind to the G protein- 
uncoupled PTHR1 conformation, called R0, 
which is an intermediate receptor state that can 
isomerize to the active G protein-coupled recep-
tor conformation, called RG (Fig. 16.5a). Ligands 
with a range of R0 affinities have been identified 
(Fig. 16.5b), and the duration of the cAMP sig-
naling responses induced by these ligands, which 
is assessed using kinetic FRET-based cAMP 
sensors or luciferase-based GloSensor reporter 
assays, correlates strongly with their respective 
R0 binding affinities. A high R0 binding affinity 
thus results in a prolonged cAMP response.

An example of an altered mode of signaling 
based on this concept is highlighted by a particu-
larly long-acting PTH analog, called LA-PTH  
[61, 62]. LA-PTH is a PTH/PTHrP hybrid mole-
cule comprised of the PTH (1-14) domain joined 
to the PTHrP (15-36) sequence and further modi-
fied with nine amino acid substitutions located in 
both the N-terminal PTH and the C-terminal 
PTHrP portions of the peptide (Fig. 16.5c). The 
prolonged signaling properties of this ligand are 
due to its capacity to bind to the R0 PTHR1 
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Fig. 16.5 Conformational selectivity and temporal bias 
of PTHR1 ligands. (a) Schematic of the R0 and RG 
PTHR1 conformations and their reversible isomerization. 
(b) Relative affinities of various PTH ligand analogs for 
the R0 conformation displayed as a heat map. (c) Primary 
structures of the ligands displayed in (b). (d) PTHR1- 
binding and cAMP signaling properties of LA-PTH, aba-
loparatide, PTH (1-34), and PTHrP (1-36) in HEK293 
cells or membranes (binding). Binding to the RG (top- 
left) and R0 (top-right) PTHR1 conformations assessed by 
competition methods using two conformation-selective 
radioligands  – 125I-PTH (1-34) for R0 and 125I-M-PTH 
(1-15) for RG. The ligands show similar affinities for RG 
but disparate affinities for R0 with LA-PTH binding with 
highest affinity and abaloparatide binding with weakest 

affinity. Dose-response analysis of intracellular cAMP 
levels, measured via the luminescence-based GloSensor 
cAMP reporter, reveals similar potencies for the ligands 
(lower left); however, time course analysis after washout 
of the ligand, added previously to the cells for 15 minutes 
at its EC50 concentration, reveals cAMP signaling to be 
dramatically prolonged for LA-PTH and only transient for 
abaloparatide (lower right). (e) Upon single injection at 
several doses, LA-PTH (red) is markedly more effective 
than PTH (1-34) (black) at normalizing serum calcium 
levels in parathyroidectomized mice, a model of hypo-
parathyroidism. (d Adapted from Hattersley et  al. [64].
With permission from Oxford University Press; e Adapted 
from Bi et  al. [65]. With permission from American 
Society for Bone and Mineral Research)
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 conformation, which enables it to remain bound 
to the receptor even after the G protein has been 
activated and released from the complex. 
Classically, G protein release results in a shift of 
the receptor from the high-affinity RG conforma-
tion to the low affinity, uncoupled conformation 
called R. LA-PTH, and structurally related ana-
logs of this class, can thus remain bound to the 
PTHR1 through multiple rounds of G protein 
coupling and release, resulting in prolonged sig-
naling responses [47, 63].

In addition to the long-acting PTH analogs 
that exhibit high-affinity binding to R0 as well as 
RG, other analogs were found that bind with 
high affinity only to RG.  As a result, these 
RG-selective or RG-biased ligands stimulate 
relatively transient cAMP responses in cells. 
Among these analogs are the modified N-terminal 
PTH fragments, such as M-PTH (1-14), PTHrP 
(1-36), and a PTHrP (1-34) analog called abalo-
paratide, which is now in use as a therapy for 
osteoporosis, as discussed later. Pharmacological 
assays of receptor binding and cAMP signaling 
performed on several of these conformation-
selective analogs are shown in Fig. 16.5d [64]. 
These studies illustrate how LA-PTH, PTH(1-
34), PTHrP(1-36), and abaloparatide bind with 
comparably high affinities to the RG conforma-
tion of the PTHR1 but display widely divergent 
affinities for R0 and that the RG-selective ana-
logs, such as abaloparatide, induce shorter-dura-
tion cAMP responses than do the R0-selective 
ligands, such as LA-PTH.

Such altered modes of binding and cAMP sig-
naling observed in  vitro have been shown to 
translate into altered effects in vivo. Thus, injec-
tion of LA-PTH into animals produces markedly 
sustained increases in blood calcium levels 
(Fig. 16.5e) [43, 62, 65]. Overall, these observa-
tions suggest a potential strategy, based on 
PTHR1 conformational selectivity, for optimiz-
ing the efficacy of PTH ligands for the treatment 
of various diseases of the bone and mineral 
metabolism. Indeed, LA-PTH has shown prom-
ise in preclinical tests conducted in rodent mod-
els of hypoparathyroidism (Fig. 16.5e), which 
supports a possible use of this analog as an alter-
native mode of treatment for this disease.

Further support for the notion that developing 
new PTH ligand analogs with selective binding to 
either the R0 or RG PTHR1 conformation, and 
hence, with temporal signaling bias, can be a 
means to improve ligand therapeutic efficacy 
comes from findings with abaloparatide. This 
PTHrP (1-34) analog was found in clinical tests 
to be at least as effective as PTH (1-34) at pre-
venting fractures in women with osteoporosis 
[66]. Given the efficacy of abaloparatide as an 
osteoporosis therapy, the findings suggest the 
general hypothesis that a ligand that binds selec-
tively to the RG PTHR1 conformation with rela-
tively weak binding to R0, to thus induce potent 
but transient cAMP signaling responses, would 
be a more effective therapy for osteoporosis than 
would a ligand that binds with high affinity to 
both conformations and mediates prolonged sig-
naling responses. This hypothesis is grounded on 
the well-established dogma that pulsatile admin-
istration of PTH is required to achieve a net ana-
bolic bone response, while continuous treatment 
promotes a net bone-catabolic response [67, 68]. 
The corollary to this is that R0-biased analogs, 
like LA-PTH, could be a path toward new treat-
ments for hypoparathyroidism. Further concepts 
and findings relating to the development of 
PTHR1 ligands as therapeutics are discussed in a 
later section of this chapter.

 Prolonged PTHR1 Signaling 
from Endosomes

Of considerable interest to these receptor-based 
mechanistic studies is the role that PTHR1 inter-
nalization plays in regulating the duration of the 
signaling response induced by a given PTH ago-
nist ligand. A series of experiments explored 
this subject by applying methods of fluorescent 
microscopy to track PTHR1 signaling complexes 
in live cells, as well as kinetic FRET methodolo-
gies to measure in real-time second-messenger 
signaling output as well as the assembly of multi- 
molecular signaling protein complexes. These 
studies together provide strong support for the 
hypothesis that the PTHR1 can mediate prolonged 
activation of cAMP signaling via Gαs from within 
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the endosomal compartment [56, 69, 70]. These 
breakthrough findings made with the PTHR1 
were initially seen as contrary to the dogma that 
GPCR internalization was a key step in the sig-
nal termination process. It now has been shown, 
however, that a number of other GPCRs, includ-
ing the β2 adrenergic receptor, a prototypical 
class A GPCR, can activate G protein signaling 
via such a non-canonical, endosomal pathway. 
Conceptually, such findings open new possibili-
ties for developing novel ligand analogs that are 
tailored to induce one selective type of signaling 
response versus another in a target cell of interest 
and thus potentially improving efficacy and min-
imizing adverse effects that might otherwise be 
induced by therapeutic agents targeted to a given 
GPCR [52, 71].

 Diseases Caused by Disruptions 
in the PTHR1 Signaling System

A number of diseases of the bone and mineral 
ion metabolism are caused by defects in the 
PTHR1 signaling cascade. Hypoparathyroidism 
is a state of chronic hypocalcemia that most com-
monly arises from damage or loss of parathyroid 
gland tissue as a negative consequence of neck 
surgeries, i.e., thyroidectomies, but has also been 
linked to loss-of-function mutations in the genes 
encoding PTH and the PTHR1 as well as gain-of- 
function mutations in either the calcium-sensing 
receptor or its cognate G protein, Gα11 [72, 73]. 
In PTH, a heterozygous dominant Cys→Arg 
mutation at position 18 of the 31-amino acid 
prepro signal sequence (position −13 relative 
to Ser1 of the mature peptide) was identified in 
a patient with hypoparathyroidism; the muta-
tion blocks hormone secretion in the parathyroid 
glands and is dominant to the wild-type allele 
[74, 75]. In the receptor, a homozygous muta-
tion of Arg186→His was identified in several 
members of a family exhibiting hypocalcemia 
with elevated PTH [76]. The Arg186 residue is 
located at the extracellular end of the first trans-
membrane helix and in a segment that contributes 
importantly to ligand binding (Fig.  16.1) [77, 
78]. Notably, the affected patients did not exhibit 

any abnormality in skeletal development, which 
suggests that the mutation selectively impairs 
interaction with PTH and not PTHrP. In support 
of this interpretation, a number of heterozygous 
loss-of-function mutations in PTHrP have been 
linked not to hypocalcemia but to brachydactyly 
type E, in some cases together with short stature 
and/or a failure in tooth eruption (FTE) [79–85]. 
Moreover, a number of heterozygous loss-of-
function mutations in the PTHR1, excluding 
the Arg186→His allele mentioned earlier, have 
been identified in patients with FTE [86–92].
These phenotypes of brachydactyly and FTE 
are explained by haploinsufficiency of either the 
PTHrP ligand or the receptor in the primordia of 
the developing skeleton and teeth and highlight 
the critical roles that the PTHrP and the PTHR1 
play in regulating cell differentiation processes 
in these tissues, as further dissected using geneti-
cally engineered mice [86, 93–95]. Moreover, 
homozygous or compound heterozygous loss-
of-function PTHR1 mutations in humans result 
in the neonatal lethal condition of Blomstrand’s 
chondrodysplasia [96, 97]. One point mutation 
identified in the compound heterozygous state is 
Pro132→Leu located in the ECD (Fig. 16.1). The 
same mutation has been found in the heterozy-
gous state in patients with FTE [89].

Jansen’s metaphyseal chondrodysplasia 
(JMC) is a rare disease caused by heterozygous 
gain-of-function mutations in the PTHR1. The 
patients exhibit defects in skeletal development 
and bone metabolism that result in dwarfism, 
limb deformities, hypomineralization of the bone 
matrix, and craniofacial abnormalities. The 
patients also exhibit defects in renal handling of 
mineral ions, reflected by conditions of hypercal-
cemia with low serum PTH, hyperphosphaturia, 
and nephrocalcinosis [98]. Of interest, whereas 
as the various loss-of-function mutations in the 
PTHR1 that have been identified in patients with 
FTE map to dispersed sites throughout the recep-
tor, the mutations that cause JMC have been 
found only at three sites, His223, Thre410, and 
Ile458, which are each located at the cytoplasmic 
base of a TMD helix, TM2, TM6, and TM7, 
respectively (Fig. 16.6a) [99].Quite interestingly, 
the recent X-ray crystal and cryo-EM structures 
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of the PTHR1 reveal that these three residues are 
located close to each other at the base of the TMD 
helical bundle and are directly involved in or 
adjacent to a micro-domain switch component of 

the receptor that controls the movements of the 
helices and the cytoplasmic face of helical bun-
dle during receptor activation (Fig. 16.6b) [41]. 
This switch incorporates a hydrogen-bond net-

a

b

His223

Thr410

TM6

TM6

His223

Thr410

Ile458 Ile458

I458K/R

T410P/R

H223R

Fig. 16.6 Sites of PTHR1 mutations in Jansen’s metaph-
yseal chondrodysplasia. (a) Location of the three residues 
in the PTHR1 at which mutations cause JMC, displayed in 
two-dimensional receptor representation to show that 
each residue is located at the cytosolic base of a trans-
membrane domain helix (TM): His223 in TM2, Thr410 in 
TM6, and Ile458 in TM7. (b) Display of the three residues 
mutated in JMC in the three-dimensional structures of the 
PTHR1  in the inactive [41] and active [42] states. The 
three residues are localized to a conserved micro-domain 
that acts as a switch to control the outward movements of 
the cytoplasmic ends of several of the TM helices, particu-

larly TM6, that occurs during receptor activation. The 
Jansen mutations, including His223→Arg, Thr410→Pro, 
and Ile458→Arg, perturb this switch mechanism, causing 
the receptor to adopt the active-state (open) conformation 
even in the absence of a bound agonist ligand. In the 
active-state structure, the C-terminal portion of helix 5 of 
Gαs is shown in yellow, with the side-chain of Tyr391 in 
stick format to highlight its proximity to His223R of the 
receptor. (The structural models of panel B were gener-
ated from the protein database coordinate files 6FJ3 from 
Ref. [41] for the inactive state (left), and 6NBF from Ref. 
[42] for the active state (right))
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work that is highly conserved in the class B 
GPCRs [100] and, which in the PTHR1, directly 
involves His223 and Thr410, along with 
Glu302 in TM3 and Tyr459 in TM7. The muta-
tions of JMC can thus be predicted to impact this 
H-bond network so as to facilitate the outward 
movements of the helices that lead to receptor 
activation and G protein coupling in the absence 
of a bound agonist ligand.

 Other Diseases Linked to PTHR1 
Mutations

Enchondromatosis (Ollier disease/Maffucci syn-
drome) is a rare disease characterized by carti-
lage tumors of the bone and has been associated 
with four PTHR1 mutations, Gly121→Glu, 
Ala122→Thr, Arg150→Cys, and Arg255→His, 
located in the ECD or extracellular loop-1 por-
tions of the receptor. The mechanism by which 
these mutations result in cartilage tumors in bone 
is unclear, as studies in  vitro provide evidence 
for both gain-of-function and loss-of-function 
effects [101, 102]. Eiken syndrome is a very rare 
skeletal dysplasia associated with a homozygous- 
recessive, non-sense mutation, Arg485→stop, 
which truncates the receptor’s C-terminal tail 
[103]. The phenotype is a markedly delayed 
ossification of the skeleton, opposite to that of 
Blomstrand’s disease. This seems consistent with 
a gain-of-function effect, albeit a mild one, since 
no disease is seen in the heterozygous state and 
the homozygous phenotype is distinct from that 
of JMC. While the mutation can be predicted to 
alter interactions with cytoplasmic effectors and 
scaffolding proteins, and hence, the sub-cellular 
trafficking and signaling properties of the recep-
tor, this remains to be determined.

 The PTHR1 as a Target 
for Therapeutic Ligands

The PTHR1 has long been of interest as a thera-
peutic target for diseases of the bone and mineral 
ion metabolism. The capacity for PTH to stimu-
late bone formation makes it of high interest as 

a treatment for osteoporosis. As early as 1929, 
Fuller Albright made the observation that daily 
administration of parathyroid gland extracts to rats 
increased the radiologic bone mineral density and 
the number of bone trabeculae [104]. This was fol-
lowed in the 1970s by studies in humans in which 
a synthetic PTH (1-34) peptide was injected once-
daily in patients with osteoporosis and again found 
to promote substantial increases in trabecular bone 
mass [105, 106].Three decades later, a large clini-
cal trial was conducted in osteoporotic women, 
and this positively established that daily injection 
of PTH (1-34) increased bone mineral density and 
reduced the risk of new bone fracture [107]. These 
data led to the US FDA approval of PTH(1-34) 
as the first bone anabolic therapy for osteoporosis, 
and this peptide is currently marketed for that indi-
cation by Eli Lilly and Company under the trade 
name Forteo. More recently, in 2015, abalopara-
tide was developed and approved by the US FDA 
as an alternative anabolic therapy for osteoporosis, 
and this PTHrP (1-34) analog is now marketed by 
Radius Health Inc. under the trade name Tymlos. 
Abaloparatide was originally developed through a 
strategy in which analogs of PTHrP (1-34) con-
taining modifications that altered the amphipathic 
nature of the C-terminal α-helical binding region 
of the peptide helical were assessed in animals 
for the capacity to increase bone mineral density 
without increasing serum calcium, so as to thus 
minimize risk of adverse hypercalcemia [108, 
109]. That abaloparatide may induce less of a 
bone-catabolic response, relative to the anabolic 
response, is indeed suggested by clinical studies 
that included a comparison to PTH (1-34). The 
studies thus found a lower incidence of hypercal-
cemia in subjects treated with abaloparatide ver-
sus PTH (1-34) (P = 0.006) as well as lower serum 
levels of the collagen breakdown product CTX-1, 
while beneficial effects on bone structure were 
comparable [66]. As suggested earlier, a capacity 
of abaloparatide to induce a relatively favorable 
outcome in bone formation versus bone resorp-
tion parameters could be related to its selectivity 
in binding to the RG PTHR1 conformation, vs. 
the R0 conformation and thereby activating only 
transient signaling responses in target osteoblastic 
cells.
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As mentioned earlier, LA-PTH is a PTH ligand 
that binds with a relatively high affinity to the 
R0PTHR1 conformation and hence mediates pro-
longed cAMP response in cells, potentially from 
endosomes, properties that suggest that LA-PTH 
could be used as a hormone-replacement therapy 
in hypoparathyroidism. Indeed, LA-PTH has 
been shown to be considerably more effective 
than PTH (1-34) in normalizing blood calcium 
levels in parathyroidectomized mice [65] as well 
as in thyroparathyroidectomized rats (Fig. 16.5e) 
[43]. The analog thus represents a new preclini-
cal candidate therapy for this disease. Natpara is 
the trade name of the native PTH (1-84) peptide 
that is currently marketed in the US by Takeda 
Corporation for the treatment of hypoparathy-
roidism. This peptide, administered by a once- 
daily subcutaneous injection, is clearly effective 
at normalizing serum calcium levels in patients 
for extended periods. Yet the clinical trial data 
suggest that improvements in the degree of con-
stancy in maintaining daily serum calcium lev-
els, as well as in the extent that urine calcium 
excretion is reduced, would be desirable [110]. 
An alternative approach that has shown promise 
in clinical trials is the continuous delivery of 
PTH (1-34) by an insulin infusion pump [72]. 
Each of these approaches utilizes a PTH peptide 
that is of unmodified sequence and hence binds 
to the PTHR1 via a conventional mode of inter-
action. Whether or not a therapy based on the 
altered mode of PTHR1 interaction seen with 
LA-PTH and analogs of that class will provide 
advantages to either of these native-PTH pep-
tide-based therapies, in terms of the control of 
serum and urine calcium levels, remains to be 
seen.

Antagonists and Inverse Agonists for the 
PTHR1 Consistent with the critical role that 
residues at the N-terminus of PTH and PTHrP 
peptides play in receptor activation, N-terminally 
truncated peptides that lack as many as the first 
six residues retain adequate binding affinity for 
the receptor but are markedly deficient for induc-
ing activation. Peptides such as PTH (7-34) and 
the analog [Nle18,18,dTrp12,Tyr34]-bovine PTH 
(7-34) thus function as effective competitive 

antagonists and inhibit binding of PTH (1-34) to 
the wild-type PTHR1 in vitro and in vivo [14]. 
Such analogs could potentially be used to treat 
diseases of PTH or PTHrP ligand excess, as 
occurs in primary hyperparathyroidism and in 
the hypercalcemia of malignancy. However, effi-
cacy of these antagonist ligands in vivo tends to 
be weak, likely due, at least in part, to a rapid 
clearance of the small-sized peptide from circu-
lation [111]. Further studies in  vitro have 
revealed that a subset of the PTH and PTHrP 
antagonist analogs, including 
[Leu11,dTrp12,Tyr36]-PTHrP (7-36), behave as 
inverse agonists on the constitutively active 
PTHR1 mutants identified in patients with 
JMC.  These inverse agonist ligands dose-
dependently depress the basal cAMP signaling 
activities of the mutant receptors that are other-
wise elevated, as compared to the wild-type 
PTHR1 and assessed in transfected COS-7 and 
HEK293 cells [112–114]. The mechanism at the 
receptor level by which these ligands achieve 
their inverse agonist effect is unclear, although 
the Gly12→dTrp substitution is known to be 
required for the effect. The functional properties 
of these analogs suggest a possible path toward 
the first therapy option for patients with JMC, 
for which there is currently no effective treat-
ment available. A promising advance toward this 
goal has been made with [Leu11,dTrp12,Tyr36]-
PTHrP (7-36), which was tested in transgenic 
mice that express the PTHR1-H223R allele of 
JMC via the collagen Ia promoter and hence in 
osteoblasts and osteocytes. These mutant mice 
exhibit marked increases in trabecular bone 
mass, as well as elevations in bone turnover 
markers [115]. The inverse agonist analog 
administered by twice-daily injection for 2 
weeks starting at day 14 resulted in significant 
reductions in trabecular bone mass and in the 
levels of bone turnover markers, as compared to 
vehicle-injected control mice [116]. Although 
JMC is a complex disease that involves defects 
in early skeletal development as well as in the 
homeostatic control of mineral ion levels, the 
results at least suggest the possibility that an 
inverse agonist ligand could be developed as a 
future treatment option for this disease.
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 Small-Molecule Ligands Targeted 
to the PTHR1

The involvement, direct or indirect, of the 
PTHR1 in a number of bone and mineral ion dis-
eases, including osteoporosis, hyperparathyroid-
ism, hypoparathyroidism, and JMC, places the 
receptor in a position of considerable interest as 
a drug-discovery target. A small-molecule com-
pound that mimics the actions of PTH in bone and 
kidney would be particularly desirable for both 
osteoporosis and hypoparathyroidism, as current 
therapies require daily injection of a gut- labile 
peptide. The PTHR1, however, has been a chal-
lenging target for small-molecule drug discovery, 
as efforts to date have yielded only a handful 
of reported compound ligands. The key mol-
ecules and representatives of the types of com-
pound ligands reported are shown in Fig. 16.7a. 
Included are both agonists and antagonists. The 
agonist compound, AH3960, reported by GSK 
Corporation in 2006, stimulates cAMP formation 
in cells at doses of about 10 micromolar or higher 
and is thus at least 1000-fold weaker than PTH 
(1-34) [117]. Tests in animals were not reported. 
More recently, the agonist compound PCO371 
was reported by Chugai Corporation and was 
shown to stimulate cAMP formation in cells 
at concentrations in the low-micromolar range 
[118] (Fig. 16.7b). PCO371 is thus slightly more 
potent than AH3960, with which it shares no 
obvious structural similarity. Moreover, PCO371 
is effective in vivo, as it was shown to raise blood 
calcium levels in TPTX rats (Fig. 16.7b). The cal-
cemic response to PCO371 was prolonged, likely 
due to an extended pharmacokinetic profile, and 
because of that, PCO371 is being developed as 
a candidate therapy for hypoparathyroidism and 
not for osteoporosis [118].

The first non-peptide antagonist compound 
identified for the PTHR1 was SW106, discovered 
by Bristol-Myers Squibb Corporation in 2007. It 
was identified by screening a compound library 
for agents that could inhibit the binding of a 
radiolabeled PTH (1-14) analog [119]. SW106 
acts as a competitive inhibitor of the PTHR1. 
Also in 2007, the James Black Foundation 
reported a broad set of antagonist compounds 

distinct from SW106. The most effective of these 
agents antagonized the cAMP-stimulating 
actions of PTH (1-34) in HEK293 cells trans-
fected with the human PTHR1 with inhibitory 
constants in the 10–100 nanomolar range, while 
studies in vivo were not reported [120].

It is of considerable interest to elucidate the 
molecular modes of action of such compounds 
on the receptor. Mutagenesis-based mapping 
studies have established that SW106, AH-3960, 
and PCO-371 each bind to the TMD portion of 
the receptor and not to the ECD region [114, 
118].This is shown by the capacity of each of 
the compounds to be as effective on a PTHR1 
construct that lacks the ECD as it is on the intact 
PTHR1. PCO371 was found to be inactive on 
the human PTHR2, which is 51% identical to 
the PTHR1  in amino acid sequence. A muta-
tional search of the divergent residues in the 
PTHR2 that were involved in this resistance to 
the drug identified Leu369 in the middle of TM6 
[118]. This residue corresponds to pro-
line-415  in the PTHR1. Whether PCO371 
directly contacts Pro415 cannot be discerned 
from the functional data reported. Quite inter-
estingly, however, a proline at this site in TM6 is 
conserved in most other class B GPCRs and is 
thought to play a key role in mediating the helix 
coil transition and helix kinking that occurs in 
TM helix 6 during receptor activation. 
Ultimately, crystal structures may be needed to 
learn the precise mode of action of these small-
molecule ligands and to thus reveal whether 
they bind within the orthosteric pocket used by 
the peptide ligand or to an allosteric site located 
outside of the pocket and potentially involving 
the lipid-facing surfaces of the TMD bundle, as 
found for small-molecule ligands bound to sev-
eral other class B GPCRs [44].

 Evidence for Receptors That Bind 
C-Terminal Regions of PTH 
and PTHrP

The findings with the cloned PTHR1 and syn-
thetic PTH (1-34) and PTHrP (1-34) peptides 
raised questions as to the biological roles of the 

16 The Parathyroid Hormone Receptor Type 1



340

C-terminal portions of the native PTH and PTHrP 
polypeptides, i.e., the residues located beyond 
residue 34. At present, these roles, if any, remain 
poorly understood. It is noteworthy that none of 
the other peptide ligands that bind to the other class 
B GPCRs have comparable C-terminal extensions, 
as each is about 30–40 amino acids in length. 
Nevertheless, a number of studies conducted on 
C-terminal fragments of PTH and PTHrP provide 
evidence for binding activity as well as certain bio-
logical responses [121–124] even in vivo [125]. It 
is quite clear that such effects are not mediated 
through the PTHR1 since at least some responses, 
such as the induction of apoptosis by PTH (7-84), 
can be observed in cells derived from mice geneti-

cally ablated for the PTHR1 [126]. The actions 
are thus thought to involve some other cell surface 
receptor or binding protein, which remains to be 
identified. Whether or not any such action pro-
vides a means for the native peptides to achieve 
an additional level of biological regulation, per-
haps to complement those actions induced via the 
PTHR1, also remains to be established.

 Conclusions

The PTHR1 is a class B GPCR that plays critical 
and fundamental roles in biology and hence has 
been extensively investigated at the basic molecu-
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Fig. 16.7 Small-molecule ligands for the PTHR1. (a) 
Structures of small-molecule antagonist and agonist com-
pounds identified for the PTHR1 through high-throughput 
screening approaches. (b) The agonist compound PCO371 
stimulates cAMP signaling responses in COS-7 cells 
expressing the human PTHR1 to the same maximum level 
as induced by PTH (1-34), albeit with a potency that is 
about three log-orders weaker than that of PTH (1-34) 

(left). In thyroparathyroidectomized (TPTX) rats, PCO371 
induces sustained elevations in serum calcium levels 
(right), presumably due to slow elimination from circula-
tion. Consequently, PCO371 is in development as a candi-
date treatment for hypoparathyroidism. (a Adapted from 
Ref. 117–120]; b Reprinted from Tamura et  al. [118]. 
With permission from Creative Commons License 
4.0:https://creativecommons.org/licenses/by/4.0/)
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lar level. Defects in the PTHR1 signaling  system 
are associated with a number of diseases of skel-
etal development and/or mineral ion homeostasis, 
including Jansen’s metaphyseal chondrodysplasia 
and primary failure of tooth eruption, caused by 
gain-of-function and loss-of-function mutations 
in the PTHR1, respectively. New insights into 
fundamental mechanisms of PTHR1 function 
can now be gained from the recent X-ray crystal 
and cryo-EM structures reported for the PTHR1. 
These structures help to reveal how the recep-
tor engages its peptide ligand, PTH or PTHrP, 
and then undergoes a process of conformational 
change to transmit the extracellular hormonal 
signal to intracellular G proteins and other effec-
tors. The intrinsic conformational plasticity of the 
PTHR1 has provided a means by which structur-
ally modified PTH and PTHrP peptide analogs that 
induce unique modes of downstream signaling 
can be developed. Among such ligands is a novel 
long-acting PTH analog, called LA-PTH, which 
holds potential as a new candidate in hormone-
replacement therapy for hypoparathyroidism. A 
shorter-acting PTHrP analog, abaloparatide, has 
also emerged as an effective bone-anabolic agent 
and is now in use to treat osteoporosis. Perhaps 
due to its relatively complex mode of ligand 
binding and activation, the PTHR1 has been a 
challenging target for small- molecule discovery 
efforts. Yet several such compounds have been 
identified, and the new molecular receptor struc-
tures and mechanistic insights bring promise that 
new paths will be opened that lead to the develop-
ment of additional ligands that target this receptor 
and can be used to treat more effectively diseases 
of the bone and calcium metabolism.
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 Introduction

Until 2002, antiresorptive agents defined our 
pharmacological approach to osteoporosis.With 
the introduction of teriparatide, PTH (1-34), and 
more recently abaloparatide as treatments for 
osteoporosis, we now have available a class of 
drugs that reduce fracture risk by completely dif-
ferent mechanisms. By stimulating bone forma-
tion to a greater extent and earlier than bone 
resorption, teriparatide and abaloparatide 
improve not only bone mineral density (BMD) 
but also other properties of bone. These other 
properties include skeletal microarchitecture and 
bone size. These features confer upon PTH ana-
logs that have been developed for osteoporosis 
the potential to reconstruct the skeleton [1]. Since 
PTH and antiresorptives operate by completely 
different mechanisms, the rationale for combina-
tion therapy is attractive. Further work has pro-
vided new insights into how antiresorptive agents 
and PTH can be used in sequence or in combina-
tion for maximal therapeutic benefits.

 Parathyroid Hormone 
as an Anabolic Agent

In primary hyperparathyroidism, a disorder of 
chronic, continuous secretion of excess PTH, 
catabolic effects are seen commonly at cortical 
sites such as the distal one-third radius. 
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Key Points
• Teriparatide and abaloparatide are the 

two osteoanabolic drugs available for 
treatment of osteoporosis.

• The PTH/PTHrP analogs represent a 
therapeutic approach to osteoporosis 
that significantly improves microarchi-
tectural, geometric, and other properties 
of bone with the potential to reconstruct 
the skeleton in a disease characterized 
by abnormal skeletal microstructure.

• Since PTH/PTHrP analogs and antire-
sorptives operate by completely differ-
ent mechanisms, the rationale for 
combination therapy is attractive to 
maximize the therapeutic benefits.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-69287-6_17&domain=pdf
mailto:jpb2@columbia.edu


350

Nevertheless, even in primary hyperparathy-
roidism, a clue to the anabolic actions of PTH 
can be appreciated by its salutary effects at the 
lumbar spine, a site that is endowed preferen-
tially with cancellous bone [2]. The typical 
pattern of bone density in primary hyperpara-
thyroidism is relatively well-conserved lumbar 
spine density with more evident reduction of 
bone mineral density at the distal one-third 
radius. This is particularly noteworthy in post-
menopausal women with primary hyperparathy-
roidism who are not receiving estrogens. In 
these estrogen-deficient individuals, one would 
expect early and preferential reduction of lum-
bar spine bone density since sex steroid defi-
ciency is classically associated with rapid 
cancellous bone loss. Greater insight into the 
anabolic potential of PTH came with the recog-
nition that this property could be distinguished 
from its catabolic proclivities when PTH is used 
in low doses and intermittently [3]. Subsequent 
animal and then human studies confirmed the 
point that PTH is a potent anabolic agent when 
it is used intermittently and in low doses. PTH is 
currently available in many countries as the 
recombinant human PTH (1-34) fragment 
known as teriparatide. Abaloparatide, a PTHrP 
(1-34) analog, is approved in the USA as a treat-
ment for postmenopausal osteoporosis. It con-
tains the first 22 residues of the PTHrP molecule, 
but then differs by the strategic placement of 
different residues to amplify an interaction with 
a specific conformation of the PTH receptor [4]. 
The PTH receptor type 1 (PTHR1) mediates the 
skeletal effects of both teriparatide and abalo-
paratide. The molecules showed a different 
osteoanabolic profile, although they act on the 
same receptor. The work of Hattersley et al. [5] 
demonstrated that abaloparatide has greater 
affinity for the RG conformation of the PTH1 
receptor than the R0. The RG conformation of 
the PTH1 receptor is associated with a much 
more transient interaction with its cognate 
ligands (e.g., PTH and PTHrP) than the R0 con-
formation in which the interaction is longer 
lived. Theoretically, the affinity of a PTH or 
PTHrP ligand for the RG conformation would 

help to define its actions as less catabolic. The 
distinction between abaloparatide and teripara-
tide is not so much in the relative affinities of 
these two ligands for the RG conformation but 
rather in the markedly reduced affinity of abalo-
paratide for R0 [6, 7]. This leads to a substan-
tially greater relative affinity of abaloparatide 
for the RG than the R0 conformation of the 
PTH/PTHrP receptor (Fig. 17.1).

Teriparatide leads to a rapid increase in bone 
formation markers followed thereafter by 
increases in bone resorption markers. The dis-
cordant kinetics of PTH actions on these reflec-
tors of bone formation and bone resorption, 
respectively, are compatible with the idea that 
PTH initially stimulates processes associated 
with bone formation. At some time later, gener-
ally increased bone turnover is stimulated. This 
sequence of events with bone formation preced-
ing bone resorption has led to the concept of the 
“anabolic window,” a period of time when the 
actions of PTH are maximally anabolic [8] 
(Fig. 17.2). It is noteworthy that this concept is 
itself not a permanent one because eventually, 
bone turnover returns, after several years, to the 
baseline level. Although the concept of the ana-
bolic window is supported by many observa-
tions, in many different clinical trials, the 
mechanistic basis is not clear. The time course of 
the change in bone turnover markers, coupled 
with histomorphometric observations, suggest 
that several mechanisms are likely to account for 
the anabolic action of these PTH peptides. The 
initial action in which bone formation is seen 
rather exclusively argues for a direct modeling 
effect of PTH, namely, to stimulate bone forma-
tion on quiescent surfaces. Subsequently, remod-
eling-based processes seem to be predominant, 
but during this remodeling period, bone forma-
tion is still stimulated to a greater extent than 
bone resorption. Thus, in this context, bone 
remodeling is not a negative experience because 
bone formation exceeds bone resorption [9]. 
Finally, bone turnover trends toward baseline 
values with the anabolic window becoming more 
and more narrow until such time that the ana-
bolic effect of PTH is no longer seen.
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This concept of the anabolic window can be 
applied to both teriparatide and abaloparatide. 
They each seem to follow the same chronology of 
change in bone markers. Relative to teriparatide, 
however, abaloparatide does not stimulate bone 
resorption and bone formation to the same extent. 
Translating this difference in the context of the 
anabolic window, it would appear to be wider for 
abaloparatide than teriparatide [10] (Fig. 17.3).

Many technological approaches have demon-
strated the beneficial effects of teriparatide on the 
properties of the skeleton, such as bone mineral 
density, microarchitecture, collagen maturity, 
bone geometry, and overall bone strength [11–
17]. At a cortical skeletal site, such as the distal 
one-third radius, PTH typically does not increase 
bone density. In fact, there is often a small decline 
in BMD at that cortical site in association with an 

Fig. 17.1 Binding selectivity for the different conformational states (RG and R0) of the PTH/PTHrP receptor. (Adapted 
from Tay et al. [4]. With permission from John Wiley & Sons)

PTH as an Anabolic Agent for Bone:
A Kinetic Model
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Fig. 17.2 Teriparatide anabolic window. Based on the 
difference in kinetics of changes between bone formation 
and bone resorption markers, an “anabolic window” is 
formed during which the actions of the parathyroid hor-
mone are believed to be maximally anabolic
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increase in cortical porosity. However, the decline 
in BMD can be misinterpreted because it is well- 
known that teriparatide reduces non-vertebral 
fracture risk. This apparent paradox, namely, 
fracture reduction at site(s) at which bone min-
eral density declines, can be accounted for by 
several observations. First, the increase in poros-
ity is seen only in the inner one-third of the corti-
cal compartment, where the biomechanical 
effects or cortical porosity is minimal. In addi-
tion, microarchitecture improves [13–16]. These 
microarchitectural changes strengthen the corti-
cal bone despite the small reduction in bone den-
sity [13, 14]. By finite element modeling, which 
takes all these changes into account, Keaveny 
et al. [11] have shown that biomechanical proper-
ties of the vertebrae are strengthened by teripara-
tide and that the strength to density ratio is 
improved. Despite an increase in radius cortical 
porosity, the whole-bone stiffness and failure 
load estimated by finite element analysis are 
maintained or increased [18–20].While these 
observations have been made repetitively and 
extensively for teriparatide, one would anticipate 
that similar studies with abaloparatide, when and 
if conducted, would not be qualitatively different. 
PTH and PTHrP peptides clearly improve bone 
strength through several different mechanisms 
that improve bone quality.

 Indications for Treatment

Teriparatide is indicated in postmenopausal 
women and men with osteoporosis who are at 
high risk for fracture or who have failed or been 
intolerant to previous osteoporosis therapy. It is 
also indicated in glucocorticoid-induced osteo-
porosis. Abaloparatide is indicated, at this time, 
only in postmenopausal women at high risk for 
fracture. To help select patients for osteoana-
bolic therapy, useful guidelines have been pub-
lished [21]. Patients who have already sustained 
an osteoporotic fracture are among the highest-
risk groups because the likelihood of sustain-
ing another fracture is very high [22]. In many 
countries, in fact, a previous osteoporotic frac-
ture is a requirement for treatment with teripa-
ratide. However, the T-score itself, even without 
an osteoporotic fracture, can confer high risk, 
especially if the T-score is very low (i.e., <−3.0). 
Age of the patient is also important because it 
confers greater risk for any given T-score. A 
75-year-old woman with a T-score of −2.5 is 
at greater risk for a fracture than a 55-year-old 
woman with the same T-score. While these indi-
cations are straightforward, it is not always clear 
when teriparatide or abaloparatide should be 
used since the major clinical trials with the two 
major bisphosphonates, alendronate and risedro-
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Fig. 17.3 Abaloparatide 
anabolic window. Based 
on the difference in 
kinetics of changes 
between bone formation 
and bone resorption 
markers, an “anabolic 
window” is formed 
during which the actions 
of the parathyroid 
hormone are believed to 
be maximally anabolic
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nate, also were shown to be effective in patients 
whose osteoporosis was just as severe as those 
for whom teriparatide is indicated. This discus-
sion has to take into account facts that favor a 
bisphosphonate (lower cost, oral and intravenous 
routes of administration) versus those that would 
favor teriparatide or abaloparatide (actual incre-
mental gains in bone tissue per se). Other poten-
tial candidates for anabolic therapy are patients 
in whom one might consider a bisphosphonate 
but who cannot tolerate the drug. In addition, 
patients who fracture while on antiresorptive 
therapy could be considered to be at even higher 
risk and thus be candidates for teriparatide or aba-
loparatide. Both drugs are approved for 2 years 
of therapy. Lifetime exposure to osteoanabolic 
therapy for osteoporosis is limited to 2  years. 
Someone, for example, who has received 2 years 
of teriparatide therapy is not recommended for 
abaloparatide [23].The reason for the strong rec-
ommendation limiting exposure of both osteo-
anabolic agents to no more than 2 years may be 
due to the fact that both drugs have a “black box” 
warning. The “black box” warning calls atten-
tion to the fact that in rats exposed to either of 
these agents, at 3–60 times the human dose for 
2 years (equivalent to 75 years of human life), 
osteosarcoma develops [24, 25]. We can specu-
late on the relevance of this animal model to 
potential human toxicity, because it is notewor-
thy that the non-human primate, the cynomolgus 
monkey, does not develop osteosarcoma under 
similar conditions [26]. Moreover, after 16 years 
of experience throughout the world in well over 
two million patients, the incidence of osteosar-

coma is well below what one might expect coin-
cidentally. Finally, the profound differences in 
skeletal metabolism between the rat and primate 
with the rat growing forever with modeling as 
the primary skeletal dynamic versus the adult 
human in which growth has ceased and remodel-
ing is the primary skeletal dynamic raise further 
questions as to the relevance of the rat model to 
the human, with regard to osteosarcoma.

 Teriparatide as Monotherapy 
in Postmenopausal  Osteoporosis

The randomized, double-blind, pivotal clinical 
trial of Neer et al. [27] showed that women with 
advanced osteoporosis and multiple fragility 
fractures had a lower incidence of vertebral and 
non-vertebral fractures when treated subcutane-
ously with either 20 or 40 μg of daily teriparatide 
versus placebo. Over a follow-up period of 
21  months, BMD increased by an average of 
10–14%. Total hip BMD also improved, but more 
slowly and to a smaller extent (approximately 
3%) in comparison to the lumbar spine. At 20 μg 
of teriparatide, BMD did not change at the distal 
radius. The most important findings of the teripa-
ratide trial by Neer et al. were significant reduc-
tions in new vertebral and non-vertebral fractures 
(Fig.  17.4). At the end of the treatment period, 
patients were enrolled in a follow-up study, and 
vertebral radiographs were repeated 18  months 
later [28]. It appeared that the history of prior 
teriparatide exposure was associated with con-
tinuous fracture protection compared to the pla-
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Fig. 17.4 Fracture 
incidence reduced with 
teriparatide. Fracture 
incidence after treatment 
with teriparatide. As 
shown for the registered 
20 μg dose, teriparatide 
reduces the incidence of 
vertebral and non- 
vertebral fractures 
significantly. (Based on 
data from Ref. [27])
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cebo group, but other osteoporosis drugs were 
permitted during the follow-up period [29]. Post 
hoc analysis of this study showed that the reduc-
tion in fracture incidence was not related to the 
number, severity, or sites of previous fractures 
[30]. Efficacy was also independent of age and 
initial BMD [31] and was not affected by reduced 
renal function [32].

Other studies have confirmed the efficacy of 
teriparatide at 20 mcg daily to reduce vertebral 
and non-vertebral fracture [29, 33–35]. 
Moreover, in a comparator trial with alendro-
nate, Miller et al. [36] showed that teriparatide 
is associated with a significant reduction in 
back pain. Chen et al. [37] related the change in 
BMD with teriparatide to the reduction in frac-
ture risk, similar to analyses relating change in 
bone mineral density to reduction in fracture 
risk for antiresorptive agents [38–40]. The 20 
mcg dose was chosen over the 40 mcg dose 
because there was a somewhat higher incidence 
of side effects (e.g., hypercalcemia) at the 
higher dose without any difference in efficacy. 
Finally, a feature of teriparatide that continues 
to distinguish this drug from all antiresorptive 
agents is its ability to improve skeletal micro-
structure (Fig. 17.5).

 Teriparatide in Men 
with Osteoporosis

In 1986, Slovik et al. demonstrated that in men 
with idiopathic osteoporosis, daily subcutaneous 
injection of teriparatide combined with daily 
1,25-dihydroxyvitamin D markedly increased 
spinal BMD during 1 year of treatment [41]. In 
the first randomized, double-blinded controlled 
trial of teriparatide in men, Kurland et al. studied 
23 men with 400 U/day of teriparatide (equiva-
lent to 25 μg/day) or placebo for 18 months [42]. 
The men who received teriparatide demonstrated 
an impressive 13.5% increase in lumbar spine 
bone density. Hip BMD increased significantly 
but more slowly and to a smaller extent in 
 comparison to the lumbar spine. Cortical bone 
density at the distal radius did not change as com-
pared to placebo. Bone turnover markers rose 
quickly and substantially in the men treated with 
teriparatide, with bone formation markers rising 
and peaking earlier than bone resorption markers. 
In a larger trial of 437 men that was the counter-
part of the pivotal trial of Neer et al. in postmeno-
pausal women, Orwoll et  al. [43] followed a 
protocol that was essentially identical to the 
study of Neer et al. BMD increased significantly 
in the 20 μg treatment group by 5.9% at the lum-
bar spine and by 1.5% at the femoral neck. These 
increases were independent of gonadal status. 
Although fractures could not be assessed during 
the short 11-month trial, they were assessed in a 
follow-up observational period of 30  months. 
Two hundred and seventy-nine men from the 
original cohort had lateral thoracic and lumbar 
spine X-rays, 18  months after treatment was 
stopped. In the combined teriparatide treatment 
groups (20 and 40 μg), the risk of vertebral frac-
ture was reduced by 51% (p = 0.07). Significant 
reductions were seen in the combined group as 
compared to the placebo group when only mod-
erate or severe fractures were considered [6.8% 
versus 1.1%; p < 0.02] [44]. As was the case in 
the observational follow-up period in postmeno-
pausal women, a substantial number of male 
study subjects in all groups (25–30%) reported 
use of antiresorptive therapy during the follow-
up period. Men treated with placebo utilized anti-

Improved Trabecular Connectivity
After hPTH (1–34) Therapy

Dempster DW, et al. J Bone Miner Res. 2001;16(10):1846-1853.

Before
CD: 2.9/mm3

After
CD: 4.6/mm3

Fig. 17.5 Microarchitectural changes with teriparatide. 
After therapy with teriparatide, there are marked changes 
in trabecular and cortical architecture as shown in this 
study by Dempster et al. (Adapted from Dempster et al. 
[79]. With permission from John Wiley & Sons)
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resorptive therapy to a greater extent than those 
who were treated with either dose of teriparatide 
(36% versus 25%). Even though the data for men 
are sparse compared to women, it seems never-
theless clear that teriparatide is as effective in 
men as in postmenopausal women [45].

 Teriparatide in Glucocorticoid- 
Induced Osteoporosis

Glucocorticoid treatment reduces bone formation 
directly by impairing osteoblast differentiation 
and indirectly by reducing intestinal absorption of 
calcium and renal tubular calcium reabsorption 
[46]. In this context, teriparatide is an attractive 
option for the  treatment of glucocorticoid-induced 
osteoporosis (GIO).

In 1998, Lane et al. for the first time evaluated 
hPTH (1–34) in GIO. Teriparatide added to hor-
mone replacement therapy in postmenopausal 
women on corticosteroids was associated with 
significantly increased BMD at lumbar spine 
more than with hormone therapy alone [47].

Saag et al. showed more definitively the effi-
cacy of teriparatide in GIO by a direct head-to- 
head comparison with alendronate. Teriparatide, 
20 mcg/day, significantly improved BMD at lum-
bar spine, total hip, and femoral neck and reduced 
the risk of vertebral fractures compared to alen-
dronate 10 mg/daily [48, 49]. The study popula-
tion was predominantly female (81%), but the 
efficacy in men was also confirmed by Glüer 
et al. in an 18-month trial comparing teriparatide 
20 mcg/daily to risedronate 35  mg/week. 
Teriparatide significantly improved lumbar spine 
BMD, microstructure, and bone strength mea-
sured by high-resolution QCT [50].

 Sequential and Combination 
Therapy with Teriparatide 
and an Antiresorptive Agent

 Previous Use of an Antiresorptive

As many as 50% of patients who are considered 
candidates for teriparatide have previously been 
treated with bisphosphonates or other antiresorp-
tives. Cosman et al. [51] treated postmenopausal 

women, previously treated with estrogen for at 
least 1 year, with teriparatide. Increases in verte-
bral BMD proceeded promptly and linearly dur-
ing the entire 3-year study. Ettinger et  al. [52] 
studied the influence of previous exposure of ral-
oxifene or alendronate. Fifty-nine postmeno-
pausal women with T-scores ≤−2.0 had been 
treated for an average of 28  months either with 
raloxifene or alendronate. In most respects, sub-
jects were well matched in terms of age, BMI, and 
T-scores. Similar to the study of Lindsay et al. for 
estrogen, raloxifene did not impede the effects of 
teriparatide to increase BMD rapidly and linearly. 
In contrast, alendronate was associated with a 
6-month delay before BMD in the lumbar spine 
began to increase. After 18 months, lumbar spine 
BMD increased by 10.2% in the prior raloxifene-
treated group compared to only 4.1% in the prior 
alendronate-treated subjects (p < 0.05). The alen-
dronate-treated group showed an initial decline in 
hip BMD at 6 months, but at 18 months, the mean 
total hip BMD was not different from baseline. 
During teriparatide treatment, bone markers in 
prior alendronate patients increased later and 
peaked at about one-third lower levels as com-
pared to prior raloxifene- treated patients. These 
results imply that the potency of the antiresorptive 
to control bone turnover can determine the early 
response to teriparatide. Therefore, the type of 
prior antiresorptive therapy could influence the 
rate at which teriparatide increases bone mineral 
density [53]. Cosman et  al. [54] have helped to 
refine this point in a study of teriparatide in post-
menopausal women who also had previously 
received alendronate for the same period of time. 
In contrast to the study of Ettinger et al., their sub-
jects responded to teriparatide with rapid increases 
in BMD.  To account for these differences, it is 
noteworthy that the baseline bone turnover mark-
ers prior to the initiation of teriparatide therapy 
were markedly different in the two studies. In the 
study by Ettinger et  al., bone turnover markers 
were almost completely suppressed. In compari-
son, in the study by Cosman et al., bone turnover 
markers were not suppressed to the same extent. 
Therefore, it is distinctly possible that it is not so 
much the specific antiresorptive used prior to 
teriparatide that dictates the subsequent densito-
metric response to teriparatide, but rather the 
extent to which bone turnover is reduced. To sup-
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port this idea, the response to teriparatide has 
been shown to be a function of the level of base-
line bone turnover in subjects not previously 
treated with any therapy for osteoporosis: the 
higher the level of turnover, the more robust the 
densitometric response to teriparatide [42]. Other 
studies make the point that teriparatide improves 
BMD in postmenopausal women regardless of 
previous long-term exposure to antiresorptive 
therapies, but prior exposure can attenuate mod-
estly and in the short-term the densitometric 
response to teriparatide [55]. Duration of previous 
antiresorptive therapy and latency time between 
stopping previous bisphosphonate therapy and 
starting teriparatide does not impair the BMD 
response at any skeletal site [56].

Different results were found in subjects previ-
ously treated with denosumab. Postmenopausal 
osteoporotic women treated with denosumab for 
24 months and then switched to teriparatide for 
an additional 24 months experienced progressive 
or transient bone loss [57]. In particular, lumbar 
spine BMD decreased in the first 6 months fol-
lowed by increases, resulting in a 14.0% increase 
at 48 months. Total hip BMD transiently declined 
and then between 36 and 42  months started to 
increase, resulting in a 2.8% increase at 
48 months. At the distal radius, there was a pro-
gressive decrease of BMD, resulting eventually 
in only a -1.8% at 48 months. As noted earlier, 
declines in distal radial bone density with teripa-
ratide are commonly seen in subjects who have 
not previously been treated with any agent. 
However, in these subjects, there is a reduction in 
the estimated bone strength [58]. In view of these 
findings, the use of teriparatide in subjects previ-
ously treated with denosumab should be avoided, 
whereas the use of a combination of denosumab 
and teriparatide might be an option, as reported 
below.

 Concurrent Use of Anabolic 
and Antiresorptive Therapy

Since the advent of osteoanabolic therapy in 
2002, many investigators have been intrigued by 
the possibility that combination therapy with an 

antiresorptive and teriparatide could be more 
beneficial than monotherapy with either agent. 
The rationale for this expectation is that the 
mechanisms of action are very much different 
from each other and, theoretically, could be addi-
tive. Simply put, if bone resorption is inhibited 
(antiresorptive) while bone formation is stimu-
lated (anabolic), the “therapeutic window” could 
be substantially wider than with either agent 
alone. Despite the intuitive appeal of this reason-
ing, important data to the contrary have been pro-
vided by Black et al. [59] and by Finkelstein et al. 
[60]. These two groups independently completed 
trials using a form of PTH alone, alendronate 
alone, or a combination of a PTH form and alen-
dronate. Black et  al. studied postmenopausal 
women with 100 μg of PTH (1-84). The study of 
Finkelstein et al. involved men treated with 40 μg 
of teriparatide. Both studies utilized DXA and 
QCT to measure areal or volumetric BMD, 
respectively. With either measurement, mono-
therapy with PTH exceeded densitometric gains 
with combination therapy or alendronate alone at 
the lumbar spine. Measurement of trabecular 
bone by QCT, in fact, showed that combination 
therapy was associated with substantially smaller 
increases in BMD than monotherapy with 
PTH.  Bone turnover markers followed the 
expected course for anabolic (increases) or anti-
resorptive (decreases) therapy alone. However, 
for combination therapy, bone markers followed 
the course of alendronate, not PTH therapy, with 
reductions in bone formation and bone resorption 
markers.This suggests that the impaired response 
to combination therapy, in comparison to PTH 
alone, might be due to the dominating effects of 
the antiresorptive agent to suppress bone dynam-
ics when both drugs are used together. Finkelstein 
et  al. showed similar results in women, namely 
spine, femoral neck, and total hip BMD increased 
more in women treated with teriparatide alone 
compared to the combination therapy of alendro-
nate and teriparatide [61].

Since we do not have data referent to other 
aspects of bone quality, such as actual bone 
strength, it may be premature to reach the conclu-
sion that combination therapy is necessarily not 
as good as or even inferior to monotherapy. For 
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example, if an antiresorptive were not as power-
fully suppressive as is alendronate on bone turn-
over, would the attenuation still be appreciated? 
Deal et al. argue, to this point, that under certain 
circumstances, combination therapy can appear 
to be beneficial to monotherapy [62]. In a 
6-month clinical trial, Deal et  al. showed that 
combination therapy with teriparatide and raloxi-
fene may have more beneficial effects on hip 
bone density than monotherapy with teriparatide 
in postmenopausal osteoporosis. Bone formation 
markers increased similarly in both groups. Bone 
resorption markers, however, were reduced in the 
combination group. BMD increased to a similar 
extent in the lumbar spine and femoral neck in 
both groups, but the increase in total hip BMD 
was significantly greater in subjects treated with 
both teriparatide and raloxifene. The effect of ral-
oxifene, a less potent antiresorptive than alendro-
nate, appears to allow teriparatide to stimulate 
bone formation, unimpeded, but does impair the 
ability of teriparatide to stimulate bone resorp-
tion. These actions may, thus, expand the ana-
bolic window over that which is seen with 
teriparatide alone.

Combination therapy may be beneficial in 
specific circumstances, as suggested by Cosman 
et al. [63] in a 1-year study comparing combina-
tion therapy of zoledronic acid 5 mg (one intrave-
nous infusion) plus daily teriparatide 20 mcg 
versus either agent alone. Levels for both resorp-
tion and formation markers increased more in the 
teriparatide alone group than in the combination 
therapy. Combination therapy was most advanta-
geous with regard to the increase in BMD when 
both spine and hip sites are considered, but it was 
not superior to monotherapy in either the specific 
instance of the lumbar spine or the hip.

Returning to the idea that different mecha-
nisms of action might be advantageous for com-
bination therapy, denosumab and teriparatide 
would be particularly attractive in concept. Since 
denosumab inhibits RANK-L, a key intermediate 
in a catabolic pathway for parathyroid hormone, 
this combination could amplify the anabolic 
actions of PTH while exploiting the antiresorp-
tive actions of denosumab. In a series of studies 
by Leder et al., it was shown that teriparatide and 

denosumab together increase BMD at the spine, 
hip, and femoral neck to a greater extent in post-
menopausal women with osteoporosis than either 
agent alone [64, 65]. In addition to the densito-
metric advantage, combination therapy with 
denosumab and teriparatide was associated with 
greater improvements in skeletal microstructure. 
By finite element analysis, bone strength was 
also improved at radius and tibia sites with com-
bination therapy [19].

 Abaloparatide as Monotherapy 
in Osteoporosis

Abaloparatide was tested in a phase 2 trial of 222 
postmenopausal women with osteoporosis, ran-
domized to 20, 40, or 80  μg of abaloparatide, 
teriparatide, or placebo for 24 weeks. Compared 
with placebo, abaloparatide increased BMD of 
the lumbar spine, femoral neck, and total hip in a 
dose-dependent manner [66]. The pivotal trial 
(ACTIVE) was a randomized, placebo- controlled, 
and open-label active-controlled trial in post-
menopausal women with osteoporosis. 
Abaloparatide 80  μg was compared to placebo 
(blinded) or teriparatide 20 μg (open label) for 
18  months [10]. Abaloparatide significantly 
reduced the risk of new vertebral and non- 
vertebral fractures compared with placebo.The 
reduction in fracture risk due to abaloparatide 
was not related to the baseline fracture risk [67]. 
ACTIVE was designed to be followed after 
18  months of abaloparatide with 24  months of 
alendronate in both the treatment and placebo 
arms of the blinded study. The primary 6-month 
endpoint demonstrated continued efficacy of aba-
loparatide/alendronate to be superior to placebo/
alendronate [68]. The exploratory 24-month end-
point gave similar results [69].

 Safety

Discussed earlier is the reason why teriparatide 
and abaloparatide carry with them black box 
warnings. There is no clinical evidence, however, 
that this cautionary note related to osteosarcoma 
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in rats has relevance to human subjects. The clini-
cal trials have observed vasoactive complaints, 
namely, dizziness, headache, and palpitations in a 
small number of subjects receiving teriparatide 
or abaloparatide [10, 27]. There is also a small 
incidence of mild hypercalcemia that has been 
observed with both agents. Referencing the 
observations of hypercalcemia, concerns about 
nephrolithiasis, nephrocalcinosis, and hypercal-
ciuria are included as cautionary notes.

 Consequences of Discontinuing 
Osteoanabolic Therapy

Since osteoanabolic therapy is approved for only 
2 years, there are obvious concerns regarding the 
consequences of discontinuing therapy. Some a 
priori concerns relate to the fact that new bone 
matrix is not fully mineralized following PTH 
therapy [70]. Therefore, the newly formed bone 
matrix could be at risk for rapid metabolism if a 
period of consolidation with an antiresorptive is 
not used. Although the treatment with PTH (1-84) 
analog is not the focus of this chapter, with a 
stronger experimental design, the PaTH study 
has provided prospective data in a rigorously 
controlled, blinded fashion to address this issue 
[71]. Postmenopausal women who had received 
PTH (1-84) for 12  months were randomly 
assigned to an additional 12  months of therapy 
with 10 mg of alendronate daily or placebo. In 
subjects who received alendronate, there was a 
further 4.9% gain in lumbar spine BMD, while 
those who received placebo experienced a sub-
stantial decline. By QCT analysis, the net increase 
over 24 months in lumbar spine BMD among 
those treated with alendronate after PTH (1–84) 
was 30%. In those who received placebo after 
PTH (1-84), the net change in bone density was 
only 13%. There were similar dramatic differ-
ences in hip BMD when those who followed 
PTH with alendronate were compared to those 
who were treated with placebo (13% versus 5%). 
The results of this study establish the importance 
of following PTH therapy with an antiresorptive 
agent. Several trials have confirmed a marked 
decrease in BMD after discontinuation of teripa-

ratide therapy [72–75], while also demonstrating 
that an antiresorptive may be beneficial by help-
ing to optimize densitometric gains [28, 73–75]. 
.Moreover, denosumab, after 24 months of terip-
aratide, results in further substantial increases in 
lumbar spine and total hip BMD [57]. As noted 
earlier, the ACTIVExtend trial also documents 
the same beneficial effects of antiresorptive ther-
apy following abaloparatide [68].

 Future Perspectives

In the future, PTH may be modified for easier and 
more targeted delivery. Less frequent administra-
tion of PTH, such as once weekly, might also be 
an effective treatment option. In a randomized, 
double-blind, placebo-controlled trial, 578 
Japanese patients with vertebral fracture were 
randomly assigned to receive once-weekly sub-
cutaneous injections of teriparatide (56.5 μg) or 
placebo, for 72 weeks. Once-weekly injections of 
teriparatide reduced the risk of new vertebral 
fracture compared to the placebo group 
(p < 0.01). Adverse events were more frequent in 
the teriparatide group, but they were generally 
mild [76]. Also, non-vertebral fracture efficacy 
was not demonstrated under these conditions. 
Cosman et  al. [54] have reported on the use of 
cyclical 3-month courses of teriparatide against a 
backdrop of continued alendronate use. In com-
parison to regular, uninterrupted teriparatide use, 
the cyclic administration of teriparatide was 
associated with similar densitometric gains. Of 
further interest was the observation that with 
sequential 3-month  cycles of teriparatide, bone 
formation markers that fell quickly when teripa-
ratide was stopped were stimulated to the same 
degree with each cycle. On the other hand, bone 
resorption markers showed smaller increases 
with successive cycles. This observation gives 
credence to the idea that the anabolic window is 
actually expanded when teriparatide is used in 
this context [77]. Cosman et al. [78] have shown 
that during long-term alendronate therapy, a 
rechallenge with PTH after 12 months off PTH 
increases bone formation, bone resorption, and 
BMD to a similar extent as during the first course 
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of PTH administration. These data suggest that a 
future paradigm might be a second course of 
PTH given 12 months after a first course of ther-
apy in patients who remain at high fracture risk.

 Conclusions

Although antiresorptives remain the mainstay of 
osteoporosis treatment, the advent of osteoana-
bolic skeletal agents first with teriparatide and 
now with abaloparatide is changing our approach 
to therapy. Teriparatide and the PTHrP analog 
abaloparatide are promising treatment options in 
many clinical situations. With regard to these two 
agents, there is now available, for the first time, a 
therapeutic approach to osteoporosis that signifi-
cantly improves microarchitectural, geometric, 
and other properties of bone. These changes in 
bone quality induced by osteoanabolic therapy 
are attractive considering the goal of therapy for 
osteoporosis, namely, to improve the basic under-
lying microarchitectural abnormalities that give 
rise to skeletal fragility.
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 Introduction

In contrast to many chronic conditions, such as 
hypertension or type 2 diabetes, that often require 
more than one drug to achieve clinical goals, the 
standard of osteoporosis care has historically 
involved the use of a single drug at a single dose. 
And despite the fact that several new antiresorp-
tive and osteoanabolic agents have been intro-
duced over the past decade, it remains the case 
that no single agent can cure osteoporosis. Thus, 
the need for more effective therapeutic regimens 
remains pressing, especially for those at the high-
est risk of fragility fracture.

An additional challenge to managing patients 
with established osteoporosis is an increasing 
reluctance to treat patients with antiresorptive 
medications for more than 3–5 years due to the 
concern over uncommon but serious side effects 
such as atypical femur fracture and osteonecrosis 
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Key Points
• The combination of teriparatide or other 

PTH-analogs and oral or intravenous 
bisphosphonates have not shown signifi-
cant benefits compared to monotherapy.

• Conversely, the combination of teripara-
tide and denosumab increases bone den-
sity, improves skeletal microarchitecture, 
and augments estimated bone strength 
more than either of the drug alone.

• The mechanism underlying the efficacy 
of the denosumab/teriparatide combina-
tions appears to be related to the capac-
ity of denosumab to fully inhibit 
teriparatide-induced bone resorption 
while not interfering with teriparatide- 
induced modeling-based bone 
formation.

• The use of antiresorptive agents after 
osteoanabolic therapy is associated with 
continued anti-fracture efficacy, further 
increases in bone mass, and improve-
ments in skeletal microarchitecture.

• Increases in bone mineral density are 
blunted when osteoanabolic therapy is 
used after bisphosphonate therapy.

• Patients who directly transition from 
denosumab-to-teriparatide experience 
rapid and significant high-turnover bone 
loss, and thus this particular sequential 
approach should be avoided.
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of the jaw, as well as the long-standing regulatory 
2-year limit on parathyroid hormone receptor tar-
geted osteoanabolic therapies [1–3]. Thus, it is 
expected that over a lifetime, the use of more than 
one medication will be required for many patients 
with established disease. In this setting, investi-
gators have focused on evaluating the efficacy of 
combining antiresorptive and osteoanabolic 
drugs, an approach that was hypothesized to ben-
efit from contrasting the drugs’ differing mecha-
nisms of action, as well using these medications 
in specific sequences. This chapter evaluates the 
available evidence concerning the differential 
effects of the various sequential and combination 
osteoporosis treatment strategies and details 
some of the important pharmacological and clini-
cal distinctions between the various approaches.

 Mechanisms of Current 
Osteoporosis Medications

 Osteoanabolic Drugs

Currently, there are two available osteoporosis 
medications that can be classified as “anabolic” 
based on their capacity to increase osteoblastic 
bone formation. They are teriparatide, a parathy-
roid hormone (PTH) analog comprising the first 
34 amino acids of the endogenous hormone and 
abaloparatide, a 34-amino-acid peptide that 
shares significant homology to parathyroid 
hormone- related protein (PTHrP). Both of these 
drugs target the same receptor. The anabolic 
potential of both teriparatide and ababloparatide 
appears to be dependent on intermittent adminis-
tration as sustained receptor activation favors 
bone resorption over formation [4, 5].

One of the key unresolved questions concern-
ing the mechanisms of these agents is what por-
tion of their osteoanabolic effects are mediated 
through the initial stimulation of bone resorption: 
via the release of preformed growth factors from 
the bone matrix or via communication from 
osteoclasts to osteoblasts [6] versus direct stimu-
latory effects on osteoblasts, osteocytes, and 
bone lining cells [6, 7]. This question has direct 
relevance to the efficacy of combination therapy 

regimens, in that if resorption-dependent mecha-
nisms were dominant, one would expect that 
combination strategies that more fully block bone 
resorption would be ineffective whereas if direct 
stimulatory effects on osteoblasts, osteocytes, or 
lining cells were dominant, combination strate-
gies that more fully block bone resorption would 
be more effective than those that do so only par-
tially. It has also been recently suggested that the 
subtle distinction in the pharmacological effects 
of PTH analogs may be based on their relative 
binding affinities to different PTH/PTHrP recep-
tor conformations. Specifically, preclinical stud-
ies have suggested that PTH/PTHrP analogs 
distinguish between the two distinct receptor 
conformations (Ro and RG) and that more effi-
cient binding to Ro leads to sustained signaling 
whereas more efficient binding to RG results in 
more transient signaling [8, 9]. It is thus conceiv-
able that different signaling outputs triggered by 
the differential binding affinities of abaloparatide 
and teriparatide to the RG conformation, for 
example, may account for some of the observed 
differences in bone resorption rates and the inci-
dence of hypercalcemia between these two agents 
[10]. Irrespective of mechanisms, however, it is 
well established that net skeletal effects of the 
currently approved PTH and PTHrP analogs are 
to increase trabecular bone mass and improve tra-
becular microarchitecture while concomitantly 
increasing cortical bone porosity [11–14]. It is 
also established that the subsequent clinical con-
sequences of these skeletal changes are, in turn, 
an increase in bone strength and a clinically sig-
nificant reduction in the risk of vertebral and non-
vertebral fragility fractures in osteoporotic 
patients [15–22].

 Antiresorptive Drugs

Antiresorptive medications act by inhibiting 
osteoclastic resorption of previously formed 
bone. The most commonly used antiresorptive 
medications are nitrogen-containing bisphospho-
nates that act by binding to hydroxyapatite and 
inhibiting the enzyme farnesyl diphosphate syn-
thase in the cholesterol biosynthetic pathway, 

B. Z. Leder



365

suppressing protein geranylgeranylation, and 
hence osteoclastic bone resorption [23]. The vari-
ous oral and intravenous bisphosphonates bind to 
hydroxyapatite with distinct affinities, and while 
they persist in bone for prolonged periods, there 
are differences in the endurance of their pharma-
cological effects (zoledronic acid > alendronate > 
ibandronate > risedronate) and these differences 
may account for their different pharmacological 
properties when combined with anabolic agents 
(as discussed in detail below) [24]. Denosumab is 
a monoclonal antibody that inhibits the binding 
of receptor activator of NFκB (RANK)-ligand to 
its osteoclast-derived receptor, RANK, thus 
inhibiting osteoclast formation, activation, and 
survival [25, 26]. Denosumab is the most rapidly 
acting and potent antiresorptive drug currently 
available but, unlike bisphosphonates, its effects 
are immediately reversible and rates of bone 
resorption and formation “rebound” to levels 
above the patient’s original baseline levels when 
it is discontinued [27–32]. Estrogens and selec-
tive estrogen-receptor modulators exert their 
skeletal effects through binding to the estrogen 
receptor (ER)-α, playing a key role in both osteo-
blast and osteoclast biology. In the pharmaco-
logic setting, however, these agents act primarily 
as antiresorptive drugs by suppressing stromal 
cell, osteoblast, and lining cell production of 
RANKL, increasing osteoblastic production of 
osteoprotegerin, directly suppressing the produc-
tion of pro-resorptive cytokines, and promoting 
osteoclast apoptosis [33, 34]. Like denosumab, 
the antiresorptive effects of estrogens and selec-
tive estrogen-receptor modulators are immedi-
ately reversible, though a rebound phenomenon 
is not observed [35–37].

 Combination Antiresorptive 
and Osteoanabolic Treatment

While the combination of multiple antiresorptive 
drugs has been studied in previous decades, these 
trials generally did not show a clinical benefit, 
and the introduction of more potent antiresorp-
tives such as zoledronic acid and denosumab fur-
ther dampened enthusiasm for this approach, 

leading to a focus on combining drugs of differ-
ent mechanistic classes [38–46].

 Combination of Estrogen or Selective 
Estrogen-Receptor Modulators 
and PTH Analogs

Some of the early studies assessing the efficacy 
of PTH analogs was performed in patients receiv-
ing ongoing estrogen administration but the lack 
of monotherapy comparator groups makes it is 
difficult to assess the relative benefits of these 
combinations versus the PTH analog alone [47–
49]. In a 6-month double-blind, placebo- 
controlled trial study of 137 postmenopausal 
women randomized to receive teriparatide 20 μg 
daily either alone or combined with raloxifene 
60 mg daily, combination therapy was shown to 
increase total hip BMD more than teriparatide 
monotherapy, though in this case the lack of a ral-
oxifene monotherapy control group also limits 
clinical conclusions [50]. Thus, at present there is 
no conclusive evidence that combining PTH ana-
logs with estrogens or selective estrogen-receptor 
modulators offers a clinical advantage.

 Combination of Bisphosphonates 
and PTH Analogs

Most of the studies investigating combination 
osteoanabolic/antiresorptive treatment regimens 
have involved either teriparatide or PTH-(1-84) 
combined with the nitrogen-containing bisphos-
phonates. The first combination studies were per-
formed utilizing the oral bisphosphonate, 
alendronate, and include the Parathyroid 
Hormone and Alendronate (PATH) study wherein 
238 postmenopausal women with osteoporosis 
were randomized to receive PTH-(1-84) 100 μg 
daily, alendronate 10  mg daily, or both for 
12  months [51]. As shown in the Table  18.1, 
12-month increases in DXA-derived spine areal 
BMD were similar in all three treatment groups. 
However, at the total hip, combination therapy 
increased BMD more than the PTH-(1-84) alone 
but similarly to alendronate (of note, hip BMD 
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gains with PTH analogs in the first year of ther-
apy are known to be absent or modest with subse-
quent larger gains if therapy is continued for 
2 years) [54]. Additionally, PTH-(1-84) increased 
spine trabecular volumetric BMD (assessed by 
quantitative computed tomography or QCT) 
approximately twofold more than the combina-
tion of both medications. An assessment of bio-
chemical markers of bone turnover in this study 
demonstrated that combination treatment sup-
pressed bone resorption (serum c-telopeptide or 
CTX) less than alendronate monotherapy and 
that bone formation (type I collagen propeptide 
or P1NP) increased only transiently.

Two similar studies of combined teriparatide 
and alendronate were performed in postmeno-
pausal osteoporotic women and osteoporotic men. 
In these studies, subjects were randomized to 
receive either alendronate 10 mg daily,  teriparatide 
40 μg daily, or both medications for 30 months, 
though teriparatide was not started until month 6 
[55, 56]. In both of these populations, DXA-
derived lumbar spine and femoral neck areal 
BMD increased more than two-fold more in those 
treated with teriparatide alone than those treated 
with alendronate alone or both medications. In 
another clinical trial utilizing PTH-(1-84), post-
menopausal osteoporotic women were random-
ized to either 6 months of combined PTH-(1-84) 
and ibandronate 150  mg monthly followed by 
18 months of ibandronate alone or two sequential 
courses of 3 months of PTH followed by 9 months 
of ibandronate alone and areal BMD of the spine 
and hip increased similarly in both groups [57].

The combination of teriparatide and the intra-
venous bisphosphonate, zoledronic acid, was 
assessed in a 12-month randomized controlled 
trial of 412 postmenopausal women who received 
12  months of teriparatide 20  μg daily, a single 
infusion of zoledronic acid 5 mg or both [52]. As 
indicated in Table  18.1, while spine BMD 
increased more in the combination group at early 
time points, increases at 12 months were similar 
in the combination therapy and teriparatide 
groups. The two drugs together also demonstrated 
larger initial increases in hip BMD, though by 
12 months the increases were similar in the com-
bination therapy and zoledronic acid monother-

apy groups. In a pattern that differs from the 
studies involving alendronate, in the groups 
receiving both zoledronic acid and teriparatide, 
while bone resorption (CTX) was suppressed ini-
tially, this suppression was not sustained after the 
first several months and serum CTX levels even-
tually increased to levels above the original base-
line by the end of the 12-month treatment period.

Taken together, it appears that combining PTH 
analogs with bisphosphonates do not provide sig-
nificant additive skeletal effects in postmeno-
pausal osteoporotic women. The reasons for this 
lack of efficacy are currently unclear. Potential 
hypotheses to explain the apparent counteractive 
effects of bisphosphonates and PTH analogs are 
suggested by the observed changes in markers of 
bone resorption and formation in these studies. 
Bone turnover marker data suggest that bisphos-
phonates may blunt the effects of PTH analogs 
because of the key role that bone resorption plays 
mediating the anabolic effects of PTH analogs or 
the inability of bisphosphonates to fully inhibit 
PTH analog-induced bone resorption (or some 
combination of both mechanisms).

 Combination of Denosumab 
and Teriparatide

Unlike bisphosphonate-containing combinations, 
the combination of teriparatide and the RANKL 

Table 18.1 12-month changes in bone mineral density in 
three randomized combination therapies or randomized 
controlled trials

Study
Sample 
size Regimen

Lumbar 
spine (%)

Total 
hip 
(%)

Black 
et al. [51]

119 PTH 1–84 6.3 0.3
60 Alendronate 4.6 ~3
59 Both 6.1 1.9b

Cosman 
et al. [52]

138 Teriparatide 7.0 1.1a

137 Zoledronic 
acid

4.4a 2.2

137 Both 7.5 2.3
Tsai et al. 
[53]

31 Teriparatide 6.2 0.7
33 Denosumab 5.5 2.5
30 Both 9.1a 4.9a

aDiffers significantly from the other two groups
bDiffers significantly from PTH-(1-84)
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inhibitor, denosumab increase BMD at the spine 
and hip at both 1 and 2 years more than either of 
the drug alone. In the Denosumab and Teriparatide 
Administration (DATA) trial, 94 osteoporotic 
postmenopausal women were randomized to 
receive teriparatide 20 mcg daily, denosumab 
60  mg every 6  months, or both for 2  years. 
Combination treatment increased spine, total hip, 
and femoral neck BMD more than either group 
after both 12 and 24 months [53, 58] (Table 18.1, 
Fig. 18.1). Specifically, the combination of both 
agents increased spine, total hip, and femoral 
neck BMD by 12.9%, 6.3%, and 6.8%, respec-
tively, increases that currently cannot be achieved 
with 2-year courses of any approved single drug 
[20, 60–64]. Areal BMD at the distal radius 
increased by slightly more than 2% in both the 
denosumab and combinations groups, and these 
increases differed significantly from the decrease 
of 1.7% observed in the teriparatide group.

In this same study, the effects of these inter-
ventions on bone microarchitecture and esti-
mated were assessed by high-resolution 
peripheral QCT (HR-pQCT) [19]. Total volumet-
ric bone mineral density (vBMD) at the radius 
and tibia, trabecular vBMD at the radius, and cor-
tical vBMD at the tibia all increased more in 
women who received both drugs compared to 
either denosumab or teriparatide alone. Cortical 
thickness also increased more in the combination 
group than the other two groups, while cortical 
porosity increased in a fairly linear fashion over 
the entire 24-month treatment period in the terip-
aratide group but was stable in both other groups. 
Using the engineering technique of finite element 
analysis to estimate strength at both the radius 
and the tibia, the advantage of combination ther-
apy is also apparent.

The pattern of changes in biochemical mark-
ers of bone resorption and formation induced by 
combined teriparatide/denosumab suggest a 
unique mechanism underlying the regimen’s dis-
tinctive efficacy. As shown in the figure, bone 
resorption, as assessed by serum CTX, was iden-
tically suppressed in women treated with combi-
nation therapy and denosumab monotherapy 
during the initial 24 months of the trial, whereas 
the changes in bone formation markers differed, 

in that serum osteocalcin remained stable in the 
combination therapy group for the initial 
3  months of treatment and then declined only 
modestly thereafter (though not to the level 
observed in the denosumab monotherapy group) 
[58]. This divergent pattern in bone resorption 
and formation marker changes in the combina-
tion group suggests that when given together, 
denosumab fully inhibits teriparatide-induced 
bone resorption but does not interfere with 
teriparatide- induced “modelling-based” bone 
formation (i.e., bone formation that does not 
require antecedent bone resorption).

In summary, while bisphosphonate-containing 
combinations with PTH analogs do not lead to 
additive effects, the combination of denosumab 
and teriparatide appears to be a promising 
approach. These rapid and large gains in BMD of 
the hip and spine suggest that this approach may 
be particularly useful in patients with severe 
osteoporosis in whom no single therapy can ade-
quately reduce fracture risk. Larger studies 
assessing this regimen’s capacity to reduce frac-
ture incidence are now needed.

 Sequential Approaches 
to Osteoporosis Therapy

 Antiresorptive Agents After 
Osteoanabolic Agents

When teriparatide and abaloparatide are initiated, 
bone remodeling is rapidly stimulated but remod-
eling rates revert to pretreatment levels after 
12–24 months of treatment [65]. Despite this pat-
tern of bone cell activity, however, BMD contin-
ues to increase over the entire 2-year treatment 
period, likely due to continued modeling-based 
bone formation [66]. When PTH analogs are dis-
continued, BMD begins to revert to pretreatment 
levels almost immediately though studies have 
suggested that the antifracture efficacy is main-
tained for up to 18 months after the drug has been 
stopped [67, 68]. That said, it is likely that most 
of the beneficial effects of PTH analogs do even-
tually dissipate if they are not followed by a 
potent antiresorptive drug.
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The capacity of oral alendronate to prevent 
post-teriparatide bone loss was studied in several 
clinical trials and is clearly effective not only 
consolidating the gains achieved with anabolic 
therapy but also in further increasing hip and 
spine BMD [69–71]. Similarly, patients who 
have been treated with 18-months of abalopara-
tide experience additional areal BMD gains and 
maintain a fracture-reduction benefit when 
switched to alendronate [61]. The selective estro-
gen receptor modulator, raloxifene, also prevents 
post-teriparatide bone loss but appears to be less 
effective than alendronate at further increasing 
BMD, particularly at the spine [72].

The ability of denosumab to further increase 
BMD when used after teriparatide was assessed 
using the DATA-Switch study (see Fig. 18.1). In 
DATA-Switch, postmenopausal women who 
received 2  years of teriparatide followed by 

2  years of denosumab experienced large addi-
tional increases in both spine and hip 
BMD. Specifically, spine BMD increased by an 
additional 9.4% during the 2 years of denosumab 
(18.3% total 4 year increase) and total hip BMD 
increased by an additional 4.8% (6.6% total 
4  year increase) [59]. Notably, these post- 
teriparatide denosumab-induced BMD increases 
appear to be significantly greater than what can 
be achieved with bisphosphonates therapy after 
teriparatide or when denosumab is administered 
to treat naïve patients [59, 73]. Denosumab was 
also able to further increase BMD in patients who 
previously received 2 years of combined teripara-
tide/denosumab therapy [59].

The skeletal effects of potent antiresorptive 
therapy, when used after the currently investiga-
tional mixed osteoanabolic/antiresorptive agent, 
romozosumab, have also been studied. 
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Romozosumab is a monoclonal antibody that 
inhibits osteocyte-derived sclerostin and has potent 
but transient osteoanabolic effects and weaker, but 
sustained, antiresorptive properties [74]. In these 
studies, denosumab was shown to further decrease 
bone resorption, augment gains in spine and hip 
areal BMD, and maintain antifracture efficacy 
when used after romozosumab [75, 76].

 Osteoanabolic Agents After 
Antiresorptive Agents

Many patients who are treated with osteoana-
bolic drugs have already been exposed to antire-
sorptive agents, usually bisphosphonates, often 
for extended periods. Despite this common pat-
tern of medication sequence, several clinical tri-
als have clearly demonstrated that switching 
from a bisphosphonate to a PTH analog may 
result in transient cortical BMD loss and dimin-
ished BMD gains at sites of predominantly tra-
becular bone, such as the lumbar spine [56, 
77–81]. For example, in a clinical trial of 59 post-
menopausal osteoporotic women who previously 
received either alendronate or raloxifene for 
18–36 months followed by 18-months of teripa-
ratide, spine areal BMD increased more in those 
who had previously received raloxifene than 
those who had received alendronate and total hip 
areal BMD actually decreased by almost 2% in 
the initial 6  months of teriparatide therapy in 
those previously treated with alendronate [79]. In 
a separate study, 24 months of teriparatide was 
administered to postmenopausal women who 
were either treatment naïve or had prior bisphos-
phonate use and areal spine BMD increased more 
in the treatment-naïve group than those with prior 
bisphosphonate exposure [82]. This general pat-
tern was also observed in several additional stud-
ies involving bisphosphonates [78–81], and 
blunting was suggested when romosozumab was 
given after bisphosphonate exposure as well [83].

The transition from denosumab to teriparatide 
appears to result in a uniquely maladaptive stim-
ulation of high-turnover bone loss. In the DATA- 
Switch study previously described (Fig.  18.1), 
women who transitioned from denosumab to 

teriparatide experienced 6  months of declining 
areal BMD at the spine, 12 months of declining 
areal BMD at the hip and femoral neck, and pro-
gressive bone loss during all 24 months of treat-
ment at the distal radius [59]. Moreover, at the 
distal tibia and distal radius, the transition from 
denosumab to teriparatide resulted in progressive 
decreases in total volumetric cortical volumetric 
BMD, progressive increases in cortical porosity, 
and reduced bone strength as assessed by finite 
element analysis [84]. Notably, this observed 
bone loss and deterioration of skeletal microar-
chitecture was associated with a dramatic stimu-
lation of bone remodeling as serum markers of 
both bone formation and bone resorption 
increased by two- to threefold in the 6–12 months 
after the drug transition and remained elevated 
even 24  months after the drug transition [59]. 
This accelerated rate of bone remodeling, accom-
panied by bone loss, is concerning given that the 
more modest stimulation of bone turnover that 
occurs when denosumab is discontinued without 
a transition to teriparatide has been shown to be 
accompanied by a rapid and complete loss of 
denosumab’s antifracture efficacy and an increase 
in the risk of multiple vertebral compression frac-
tures, especially in those with very low BMD and 
prevalent fractures [85, 86].

 Adding One Class of Osteoporosis 
Medication to Another

Several studies have assessed an overlapping 
medication approach to osteoporosis therapy. For 
example, in a clinical trial of 198 postmenopausal 
osteoporotic women, who initially received 18+ 
months of either alendronate or raloxifene, it was 
reported that in the prior-raloxifene group, switch-
ing to or adding teriparatide resulted in similar 
BMD increases, whereas in the prior- alendronate 
group, adding teriparatide increased spine BMD 
more than switching to teriparatide [80]. In a sep-
arate trial of 125 postmenopausal osteoporotic 
women who had received 9  months of teripara-
tide, adding raloxifene for 9  months resulted in 
larger spine BMD gains and adding alendronate 
resulted in larger hip BMD gains when compared 
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to continuing teriparatide alone [87]. Furthermore, 
in a 12-month extension to this study in which 
teriparatide was discontinued in all three groups, 
the greatest BMD increases occurred in the group 
that received 9 months of teriparatide followed by 
9  months of combined teriparatide/alendronate 
followed by 12 months of alendronate monother-
apy [88]. Finally, 126 osteoporotic women who 
had been taking alendronate for at least 1  year 
were randomized to 15 months of either contin-
ued alendronate plus teriparatide 20 μg daily, con-
tinued alendronate plus teriparatide for three 
3-month cycles alternating with 3 months of alen-
dronate alone or continuing alendronate alone. 
Areal BMD of the spine increased similarly in 
both groups who received teriparatide but did not 
increase further in the alendronate alone group, 
while hip BMD increased slightly and similarly in 
all three treatment groups [89].

 Summary

In the past two decades, there has been a large 
expansion in osteoporosis treatment options, par-
ticularly in terms of the various antiresorptive 
drugs but also among osteoanabolic agents. This 
expansion has led to increased interest in devel-
oping combination and sequential drug 
approaches with the potential of providing greater 
benefit than monotherapy. The clinical trials 
completed to date have demonstrated that when 
given sequentially, it is preferable to first initiate 
osteoanabolic therapy and then transition to an 
antiresorptive agent as this approach leads to the 
greatest gains in bone mass and, in some circum-
stances, have been shown to reduce fracture risk 
in osteoporotic patients. These trials have also 
demonstrated that while prior bisphosphonate 
exposure may diminish the efficacy of subse-
quent PTH analog therapy, it is the specific tran-
sition from denosumab to teriparatide that should 
be unequivocally avoided due to rapid bone 
induced by accelerated skeletal metabolism—a 
physiologic state that may have significant nega-
tive clinical consequences. Studies assessing 
combined osteoanabolic/antiresorptive therapy 
have suggested that while the combination of 

bisphosphonates and PTH analogs does not result 
in clinical benefit, the combination of denosumab 
and teriparatide appears to be uniquely able to 
increase BMD and improve skeletal microarchi-
tecture as compared to monotherapy. What is 
now required are larger studies that can ade-
quately assess the comparative effectiveness of 
the various combination and sequential therapy 
approaches on clinically important endpoints in 
patients with established or severe osteoporosis.
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Sclerostin Inhibition 
in the Treatment of Osteoporosis

Roland Baron, Francesca Gori, 
and Benjamin Z. Leder

The treatment of osteoporosis consists of attempts 
to increase cortical and trabecular bone mass and 
improve their microstructure in order to prevent 
both vertebral and nonvertebral fragility frac-
tures. As discussed in other chapters of this book, 
several therapeutic options are available to physi-
cians to achieve this goal. On the one hand, and 
by far the most commonly used approach, it is 
possible to increase bone mass by inhibiting bone 
resorption with antiresorptives such as bisphos-
phonates or antibodies to RANK ligand. On the 
other, and a preferred choice in severe cases of 
osteoporosis, one can first stimulate bone forma-
tion with osteoanabolics, usually before switch-
ing to antiresorptives in order to stabilize and 
further enhance the gain achieved by these ana-
bolic drugs. Because the bone remodeling mech-
anism implies activation of bone resorption as a 
necessary step to initiate bone formation in the 
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Key Points
• High/low bone density in rare human 

diseases has been linked to mutations in 
components of WNT signaling.

• In particular, mutation in the receptors 
LRP 5 or 6 decreases their affinity for an 
endogenous WNT inhibitor, sclerostin, 
thereby activating locally WNT signaling, 
inducing a high bone mass phenotype.

• Other mutations affect the expression 
(Sclerosteosis) or transcriptional regula-
tion and expression of sclerostin (van 
Buchem disease).

• Mutations in the sclerostin co-receptor 
LRP4 decreases sclerostin efficacy and 
also lead to high bone mass.

• Antibody inhibition or deletion of 
sclerostin increases markedly bone for-
mation along trabecular and cortical 
bone surfaces and decreases bone 
resorption.

• Clinical trials show a rapid but self-reg-
ulated increase in bone formation and 
bone mass with a prolonged decrease in 
resorption and decreased fracture rate.
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remodeling units, antiresorptive drugs decrease 
remodeling activity, and thereby secondarily 
decrease bone formation, a somewhat undesir-
able secondary effect of treatment [1]. Our field 
has therefore long been seeking agents that would 
directly or indirectly increase bone formation, 
i.e., osteoanabolic therapies. Consequently, bone 
anabolics are defined not by their simple ability 
to increase bone mass (antiresorptives do that as 
well) but by their ability to increase bone forma-
tion, as measured by biochemical markers such 
as procollagen type 1 amino-terminal propeptide 
(P1NP) and/or bone-specific alkaline phospha-
tase (BSAP), and/or histomorphometric parame-
ters (mineral apposition rate (MAR) and bone 
formation rate (BFR)) on bone biopsies. 
Furthermore, it has recently been recognized 
that, even in the adult skeleton bone formation 
can be enhanced by two, not mutually exclusive, 
mechanisms. Bone formation can be increased 
within the bone remodeling unit, increasing the 
amount of bone formed during the formation 
phase of the remodeling sequence (remodeling- 
based bone formation). This mode of bone for-
mation requires a reasonable rate of remodeling 
to be efficient at the organ level. But bone forma-
tion can also increase through direct stimulation 
of inactive cells lining the so-called “quiescent” 
bone surfaces (lining cells) in a process called 
modeling-based bone formation. This latter type 
of bone forming activity is particularly important 
for cortical bone, because in the adult, skeleton 
modeling takes place for the most part along the 
endosteal and periosteal surfaces of the cortex, 
even under steady-state conditions, whereas it is 
far less frequent along trabecular surfaces. To be 
defined as osteoanabolics, and independent of 
their effects on bone resorption, these treatment 
modalities should also result in an increase in 
bone density, even if, as parathyroid hormone 
(PTH), they also increase bone resorption [2].

As of today, two bone anabolic pathways have 
been targeted in the effort to develop osteoana-
bolic drugs: PTH/PTHrP signaling through their 
common PTH1R receptor (see Chaps. 16 and 17) 
and canonical WNT (cWNT) signaling. PTH/
PTHrP analog’s anabolic properties are in part 
dependent on increased remodeling-based bone 
formation, although these agents also increase 

modeling-based formation [3]. Therefore, bone 
resorption is also increased, partially limiting 
PTH’s therapeutic window [2, 4] (as discussed in 
Chaps. 16 and 17). In contrast, as discussed in 
detail below, bone anabolism seen following acti-
vation of the cWNT pathway after treatment with 
antibodies to sclerostin is partially independent 
of bone remodeling, as it actually decreases bone 
resorption and increases both remodeling-based 
and modeling-based bone formation. This chap-
ter focuses on cWNT signaling in bone as a target 
for anabolic treatment, and in particular on 
sclerostin and its inhibition.

 WNT Signaling and Sclerostin: 
Mechanisms of Action

The dominant role of WNT signaling on skeletal 
homeostasis was discovered through the identifi-
cation of causal mutations in rare human skeletal 
diseases. The identification of loss- and gain-of- 
function mutations in the low-density lipoprotein 
receptor-related protein 5 (Lrp5), a co-receptor 
for WNT signaling, which were associated with 
low bone mass in osteoporosis pseudoglioma 
syndrome (OPPG) and high bone mass (HBM), 
respectively [5–7] established the first direct link 
between WNT signaling and bone mass regula-
tion. More directly relevant to this chapter, muta-
tions causing HBM in two other rare human 
diseases, sclerosteosis and van Buchem syn-
drome disease, were identified in a secreted pro-
tein, sclerostin, encoded by the SOST gene 
located on human chromosome 17q12-q21 or in 
the enhancer regulating the transcription of 
SOST, respectively [8–11]. Sclerosteosis is 
caused by null mutations in SOST, whereas van 
Buchem patients lack an enhancer element 
required for SOST expression. Patients with 
sclerosteosis or van Buchem disease have bone 
overgrowth with increased bone mass and bone 
strength. Establishing a link with WNT signaling, 
sclerostin is an endogenous inhibitor of the WNT 
signaling pathway that interacts not only with 
LRP5/6 but also with another member of this 
family of receptors, LRP4, which serves as a co-
receptor to stabilize sclerostin on the plasma 
membrane [12–15] (Fig. 19.1). Strikingly, LRP4 
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null mutations were later also found in humans 
and these patients also exhibited osteosclerotic 
phenotypes [12–14], establishing even more 
firmly the link between sclerostin, WNT signal-
ing, and skeletal homeostasis.

Mechanistically, it turned out that the single 
point mutation initially identified in LRP5 
(G171 V) in HBM families did not, as initially 
thought, make the receptor constitutively active, 
but rather decreased its affinity for sclerostin [16] 
and Dickkopf 1 (Dkk1), another endogenous 
WNT inhibitor [7, 17]. The importance of the 
WNT pathway as a major regulator of bone mass 
in humans and as a potential therapeutic target 
was further established by several large genome- 
wide association studies (GWAS) that identified 
polymorphisms within several members of the 
Wnt signaling pathway strongly associated with 
BMD variations, including AXIN1 (a down-
stream effector), DKK1, LRP5, LRP4, R-spondin 
3 (a co-activator), SFRP4 (another soluble inhibi-
tor), and WNT16, among others [18–20].

As a consequence of these findings, intense 
research was initiated to understand the mecha-
nisms involved and identify potential therapeutic 
targets in the WNT signaling pathway. While 
these findings were very encouraging for the 
prospect of finding novel targets to increase bone 
formation in patients with low bone mass and 
bone fragility, several potential hurdles were 
quickly identified. Among those, the complexity 
of the WNT pathway(s) and its ubiquitous nature, 
not to mention the recognized association 
between WNT activation and certain type of can-
cers [21], created significant challenges.

 The WNT Signaling Pathway

 WNT Extracellular Environment

In mammals, 19 secreted WNT proteins have 
been identified [22–24]. These ligands can bind 
to a large number of combinations of several 

a b

Fig. 19.1 Receptors and endogenous inhibitors of WNT 
ligands. (a) When there is more sclerostin and/or Dkk1 
than WNTS, the stoichiometry favors the inhibitors; Dkk1 
and sclerostin bind to the beta-propellers of LRP5 and/or 
6, preventing the binding of WNT and recruiting Kremen 
or LRP4, respectively, to the complex; this leads to the 
internalization and removal of LRP5/6 from the cell sur-
face, such that WNT signaling is not activated, leading to 

the degradation of β-catenin, low bone formation, and 
high bone resorption. (b) When there is more WNTs than 
sclerostin and/or Dkk1, the stoichiometry favors WNTs, 
preventing the binding of the inhibitors and allowing 
binding of WNTs to LRP5/6 and Frizzled (Fzd) receptors 
complexes; WNT signaling is activated, stabilizing 
β-catenin to increase bone formation and decrease bone 
resorption
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receptors and co-receptors (11 distinct Frizzled 
(Fzd), LRP4,5,6, Ror2, Ryk). In addition, several 
families of secreted antagonists (sclerostin, 
WIFs, WISE, sFRPs, Notum, Dkks) and co- 
activators (Norrin, R-Spondins) have also been 
identified and bind to the same set of receptors or 
ligands, in addition to some others (LGRs for R 
spondins). Wnt signaling can also be regulated by 
postranslational modifications of WNT ligands. 
Indeed, WNTs are acetylated, and this acetyla-
tion is critical for their function. Porcupine acety-
lates and Notum deacetylates Wnts, respectively. 
So, while from the endoplasmic reticulm porcu-
pine add palmitoleate and shorter cis unsaturated 
fatty acids onto Wnts, required for their activity, 
in the extracellular matrix, this fatty acid can be 
removed by Notum leading to inactivation of the 
Wnt ligands [24, 25]. The balance between the 
activity of these two enzymes therefore regulates 
Wnt activity. This complex set of proteins consti-
tutes the extracellular WNT signaling environ-
ment, and when a specific ligand binds to a 
specific set of membrane receptors, it activates 
intracellular signaling to induce specific changes 
in target gene expression.

 WNT Intracellular Signaling Cascades

WNT activation can regulate two distinct intra-
cellular WNT signaling pathways, depending 
upon which WNT protein is bound to the cell sur-
face and which receptors are activated. 
Classically, two pathways are mentioned: the 
canonical or β-catenin-dependent pathway (in 
which β-catenin is the main downstream effector) 
and the noncanonical or β-catenin-independent 
pathway, which activates several intracellular 
cascades other than β-catenin cascade. In the 
canonical WNT pathway, binding of the appro-
priate WNT proteins to the Fzd-LRP5/6 co- 
receptor complex recruits and activates the 
intracellular signaling protein Dishevelled (Dvl) 
to the cytoplasmic tail of Fzd. Dvl in turn recruits 
the axin-GSK-3β complex, leading to LRP5/6 
cytoplasmic tail phosphorylation and inhibition 
of the β-catenin destruction complex (axin- 
GSK3- Ck1-APC), a signal that leads to cytosolic 

β-catenin stabilization. Stabilized β-catenin accu-
mulates in the cytoplasm and then translocates to 
the nucleus, where it interacts with Tcf/Lef tran-
scription factors. This molecular complex then 
binds to specific transcriptional elements to acti-
vate transcription of WNT downstream target 
genes involved in osteoblast commitment and 
maturation [22]. Activation of canonical WNT 
signaling also regulates osteoclastogenesis: this 
occurs mainly through the repression of osteo-
protegerin (OPG), decreasing the RANKL/OPG 
ratio and reducing osteoclast differentiation and 
activity [26–28]. A direct, i.e., not mediated by 
changes in OPG production by osteoblasts and 
osteocytes, effect of cWNT signaling on osteo-
clasts and osteoclastogenesis has also been pro-
posed as mice lacking β-catenin in osteoclast 
precursors develop osteopetrosis because of 
reduced osteoclast number and activity [29]. 
Thus, cWNT signaling can at the same time acti-
vate bone formation and decrease bone resorp-
tion, a truly ideal and unique mechanism to 
increase bone mass.

But WNT ligands can also activate β-catenin- 
independent signaling cascades, the so-called 
noncanonical WNT signaling pathway. To acti-
vate the noncanonical pathway, WNT proteins, 
such as WNT 5a, will bind to Frizzled receptors 
forming either Frizzled homo- or heterodimers 
among the 11 known receptors or use Ror2 or 
Ryk as Frizzled co-receptors. Noncanonical 
WNT signaling can then follow different signal-
ing cascades, the WNT/planar cell polarity 
(PCP), the WNT/Ca2+, and the WNT-JNK signal-
ing pathways [22]. Although the individual WNT 
ligands can be predominantly canonical and/or 
noncanonical, these pathways are not entirely 
independent from each other, are often activated 
concurrently, overlapping and influencing each 
other. So far, most of the literature suggests that 
activation of noncanonical WNT signaling is 
linked to increases in osteoclast differentiation 
and function rather than osteoblasts and bone for-
mation, albeit activation of this pathway in corti-
cal bone appears to also decrease bone formation 
along the periosteum and the endosteum [30]. 
Furthermore, with the exception of the WNT5a 
ligand, no link to BMD has been reported in 
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GWAS studies and no human mutations associ-
ated with skeletal dysplasias or high bone mass 
reported.

Because the HBM, OPPG, or sclerosteosis 
mutations affect LRP4, LRP5, LRP6, or scleros-
tin itself, which are co-receptors and inhibitor, 
respectively, of canonical WNT signaling, this 
chapter will be focused only on this pathway. For 
detailed description and discussion of the role of 
noncanonical signaling cascades, see Baron and 
Kneissel [21] and Gori and Baron [22, 31].

 Sclerostin: A Target to Activate WNT 
Signaling Selectively in Bone

Sclerostin binds LRP5 and LRP6r, competing with 
WNTs for interaction with these receptors and 
thereby inhibiting cWNT signaling in target cells 
[10, 16, 32, 33] (Fig.  19.1). Sclerostin also uses 
LRP4 as a co-receptor [13, 15]. When bound to 
LRP5/6 and LRP4, sclerostin prevents interaction 
of LRP5/6 with their cognate Frizzled co- receptors, 
effectively blocking canonical WNT signaling. In 
addition, the formation of this complex induces the 
internalization of the sclerostin- LRP4- LRP5/6 
ligand-receptor complex, effectively removing 
LRP5/6 from the cell surface and thereby further 
blocking canonical WNT signaling. Most impor-
tantly for therapeutic intervention, sclerostin is 
almost exclusively secreted by osteocytes 
(Fig. 19.2) [34, 35], acting in part in an autocrine 
manner (osteocytes express WNT receptors and 
ligands) but also reaching the bone surface through 
the osteocyte canalicular network to regulate osteo-
blast and osteoclast differentiation and function in 
a paracrine manner.

Given the dominant influence of WNT signal-
ing in bone, it is not so surprising that many of 
the hormones and cytokines that regulate bone 
remodeling and skeletal homeostasis do so indi-
rectly, via the regulation of sclerostin expression. 
For instance, sclerostin is decreased by 1,25(OH)2 
vitamin D3 (ref) and PTH (see below) and 
increased by glucocorticoids and estrogen depri-
vation [36–39]. Also important is the fact that 
sclerostin is regulated by mechanical forces, with 
loading decreasing and unloading or immobiliza-

tion increasing its expression in osteocytes [40, 
41]. Given than osteocytes are essential for bone 
mechanosensing and express high levels of 
sclerostin, this represents a finely tuned mecha-
nism by which osteocytes can modulate bone for-
mation in response to changes in mechanical 
stimulation, likely to regulate locally Wnt signal-
ing and its anabolic/antiresorptive effects [40].

In addition to secreting sclerostin, osteocytes 
are an important source of RANKL [42, 43], 
sclerostin favors osteoclastogenesis by increas-
ing the RANKL/OPG ratio. Consequently, block-
ing or deleting sclerostin increases bone 
formation dramatically but also decreases osteo-
clast surface and activity [44, 45].

In principle, therapeutic intervention could 
target any of the several steps of the β-catenin- 
dependent WNT signaling cascade. However, 
two significant challenges would make this inter-
vention very risky. First, WNT signaling and the 
β-catenin signaling cascade are ubiquitous, mak-
ing any intervention prone to unwanted side 
effects. Second, uncontrolled activation of WNT 
signaling has been associated with oncogenic 

Fig. 19.2 Expression of sclerostin in osteocytes and their 
canaliculi in a model of unloading in mice. Immunostaining 
of human osteocytes in cortical bone shows the presence 
of sclerostin in the cell body and dendrites within the 
canalicular system. Bar  =  50  μm. (Reprinted from 
Moustafa et  al. [73]. With permission from Creative 
Commons License 2.0: https://creativecommons.org/
licenses/by-nc/2.0/)
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transformation, in particular in the colon [29–31] 
and also in osteosarcoma [32]. Sclerostin, as a 
secreted and bone-restricted endogenous inhibi-
tor, exerts a constant negative influence on this 
pathway to keep it tamed. In this context, scleros-
tin appears as the ideal therapeutic target for pro-
moting WNT signaling because it could keep 
WNT activation as restricted to the bone micro- 
environment as possible.

Thus, as of today, the best opportunity to acti-
vate WNT signaling specifically in bone comes 
from the fact that sclerostin expression is pre-
dominantly restricted to cells of the osteoblast 
lineage, and in particular osteocytes [34, 35, 46]. 
This exceptional situation opened the possibility 
that blocking this secreted WNT inhibitor might 
selectively increase WNT signaling only in bone, 
offering the theoretical opportunity to safely 
increase bone mass while leaving other tissues 
un- or only mildly affected. Moreover, as scleros-
tin is induced in unloaded bone areas and 
repressed in loaded areas [40], antagonizing 
sclerostin may essentially mimic loading, target-
ing the increase in bone formation to areas that 
most need it. The observation that sclerosteosis 
or van Buchem hemizygote carriers, in which the 
levels of expression of sclerostin are effectively 
decreased by about 50% have high bone mass but 
no measurable undesirable adverse effects [47], 
supported the hypothesis that targeting sclerostin 
could be both efficient and safe in humans. Thus, 
reducing sclerostin activity, not entirely as in the 
sclerosteosis null mutants but partially as in the 
hemizygotes, should increase bone mass with 
limited or no adverse effects.

 Effects of Sclerostin 
Overexpression, Deletion, or 
Antibody Blockade in Animal 
Models

Mouse models genetically engineered to mimic 
the mutations seen in sclerosteosis and van 
Buchem’s patients reproduce the HBM pheno-
types seen in these patients, while transgenic 
expression of sclerostin in mice leads to osteo-
penia [9, 48]. In contrast, targeted deletion of 

sclerostin in bone increased bone formation in 
trabecular and cortical bone [48]. In female 
rats, antibody-based sclerostin inhibition 
increased bone mass and strength and was able 
to reverse ovariectomy-induced bone loss [44]. 
Treatment with antibodies to sclerostin also 
increased bone formation, bone mass, and 
strength in aged male rats [49]. In a model of 
hind limb-immobilization in rats, inhibition of 
sclerostin resulted in a marked increase in cor-
tical and trabecular bone mass, despite the 
unloading of the limbs, with high bone forma-
tion and lower bone resorption, supporting the 
concept that sclerostin inhibition mimics to a 
certain degree bone loading [45]. The ability of 
sclerostin antibodies to increase bone forma-
tion at all skeletal sites was confirmed in other 
preclinical models, such as type 1 and 2 diabe-
tes or high dose corticosteroid treatment [50]. 
Consistent with these rodent data, injection of 
humanized sclerostin-neutralizing antibodies 
once a month for 2 months in gonad-intact or in 
ovariectomized nonhuman primates (NHPs) 
had a marked dose-dependent effect on bone 
formation, bone mass, and bone strength [51].

Mechanistically (Fig. 19.3), the most striking 
and important effect of sclerostin antibodies in all 
these preclinical models, besides the massive 
increases in trabecular and cortical bone vol-
umes, was the consistent induction of extensive 
modeling-based bone formation. In NHPs, these 
effects are unprecedented, with modeling sur-
faces increasing from 0.6% to 33.7% in trabecu-
lar bone and from 6.9% to 76.8% along the 
endocortical surface [51–53]. This de novo bone 
formation occurs along otherwise quiescent sur-
faces covered with bone lining cells, independent 
of remodeling [44, 49, 51]. Recent studies have 
clearly documented these cellular effects of 
sclerostin antibodies in rodents and have detailed 
the mechanisms involved [54–56]. Consistent 
with the observed increase in modeling-based 
bone formation, the increase in bone formation 
seen after sclerostin antibodies is due more to an 
increase in the size and activity of lining cells and 
osteoblasts than to the proliferation of osteopro-
genitors, whereas PTH seems to affect mostly 
this latter mechanism [56–58]. In addition to this 
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increase in modeling-based bone formation, inhi-
bition of sclerostin also increases remodeling- 
based bone formation, but this appears to 
contribute to a much lesser degree to the overall 
increase in bone mass [52].

Thus, the blocking of sclerostin stimulates 
bone formation directly, through bone modeling, 
i.e., at least in part independent of bone remodel-
ing, and therefore without prior activation of 
bone resorption. Moreover, inhibition of scleros-
tin also decreases bone resorption. This should, 
in theory, lead, like other antiresorptives, to an 
overall decrease in activation rate and thereby 
decrease remodeling-based bone formation and 
bone turnover. The fact that remodeling-based 
bone formation is also increased by antibodies to 
sclerostin therefore suggests that, like with inhib-
itors of cathepsin K [59], these agents uncouple 

partially bone resorption and bone formation in 
the remodeling units.

Altogether, the genetic and preclinical studies 
point to a potent and unique mechanism, both 
anabolic and antiresorptive, by which sclerostin 
blockade increases bone mass and strength in 
both trabecular and cortical bone (Fig. 19.3).

 Effects of Monoclonal Antibodies 
to Sclerostin in Humans

Based on these human genetics and preclinical 
studies, two monoclonal antibodies against 
sclerostin have been generated and tested in clini-
cal trials: romosozumab and blozosumab. 
Because the development of blozosumab has 
been halted due to manufacturing issues, this sec-
tion will largely focus on romosozumab.

a

b

Fig. 19.3 Mode of 
action of sclerostin (a) 
and effects of sclerostin 
antibodies (b). (a) Under 
steady-state conditions, 
osteocyte-derived 
sclerostin blocks the 
activity of WNTs, and 
suppresses remodeling- 
and modeling-based 
bone formation, while 
allowing osteoclast 
differentiation and 
activity; (b) Delivery of 
antibodies to sclerostin 
relieves the inhibition 
exerted by sclerostin on 
WNT signaling, 
enhancing bone 
formation at remodeling 
sites, and activating 
bone lining cells to form 
new bone along 
previously quiescent 
surfaces through 
modeling activity; 
activation of WNT 
signaling also increases 
OPG production by 
osteoblasts and lining 
cells, preventing 
osteoclast differentiation 
and directly impairing 
osteoclast function
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 Early Studies

Padhi et  al. reported in 2011 the first human, 
phase 1 randomized, double-blind, placebo- 
controlled clinical trial of romosozumab, a 
humanized monoclonal sclerostin antibody, in 
healthy men and postmenopausal women [60]. A 
single subcutaneous dose of Romosozumab 
quickly increased the bone formation marker 
P1NP with a peak at about 1 month, returning to 
baseline after one additional month. Markers of 
bone resorption were also rapidly decreased by 
40–50%, returning to baseline after 50  days 
(Fig.  19.4a). Although this antiresorptive effect 
was expected, it remained a surprising finding in 
humans, particularly in its amplitude. Likewise, 
the gain in BMD at the lumbar spine and total hip 
2 months after this single injection was compa-
rable or even greater than with daily injections of 
teriparatide [60]. Very similar data were obtained 
later in the phase 1 clinical trials with bloso-
zumab, another monoclonal antibody against 
sclerostin [61]. In both instances, no undesirable 
effects were observed.

The results of subsequent clinical trials con-
firmed the efficacy of monthly injections of 
sclerostin monoclonal antibodies over 12 months 
but revealed an unexpectedly limited duration of 
the anabolic effect (as assessed by increases in 
serum markers of bone formation), though the 
increases in BMD were sustained for up to 
2 years [62]. Indeed, the increase in bone forma-
tion markers, although robust, peaked at 
1–3 months after initiating therapy but declined 
thereafter despite continued monthly dosing, 
reaching baseline at 6 months and even decreas-
ing below baseline later. In contrast, the effects 
on bone resorption markers, although more mod-
est, were durable (Fig.  19.4b). Since both anti-
bodies showed very comparable limitations in 
two entirely independent trials [63], it must 
reflect a common biological response to treat-
ment, though the underlying mechanism remains 
undefined. Despite these limitations, both anti-
bodies showed effects on BMD after 1  year of 
treatment that were very significant at all sites 

and stronger that those of teriparatide. 
Specifically, in the romosozumab trial, 419 post-
menopausal women with a T-score of <−2.0 were 
randomized to receive one of several doses of 
romosozumab, alendronate, teriparatide, or pla-
cebo. In those women who received the romoso-
zumab dose of 210 mg SC monthly (the dose that 
was subsequently tested in phase 3 trials), spine 
and total hip BMD increased by 11.3% and 4.1%, 
respectively, both of which were significantly 
greater than women receiving either alendronate 
or teriparatide.

 Phase 3 Trials

 FRAME Study (Placebo Controlled)
The FRAME study was a phase 3 study assessing 
the effects of 1  year or romosozumab 210  mg 
administered by subcutaneous injection every 
month followed by 1  year of the RANKL- 
inhibitor denosumab compared to 1 year of pla-
cebo followed by a year of denosumab [64–67]. 
Postmenopausal women with BMD T score 
between −2.5 and − 3.5 at the total hip or femo-
ral neck were enrolled. By the 12-month time-
point, the women receiving romosozumab had 
experienced 73% fewer morphometric vertebral 
fractures compared to placebo, whereas there 
was no difference in the rate of nonvertebral frac-
tures. At 24 months, the rates of vertebral frac-
tures remained 75% lower in the romosozumab 
group than in the placebo group whereas the non-
vertebral fracture rate, while lower in the romo-
sozumab arm, was not significantly so (p = 0.06). 
The pattern of BMD changes in FRAME were 
similar to those observed in earlier studies with 
the total 2  year BMD gains in women treated 
with romosozumab followed by denosumab 
approaching 18% at the lumbar spine. The inci-
dence of adverse events and serious adverse 
events in the FRAME study were balanced 
between groups. Two patients in the romoso-
zumab experienced osteonecrosis of the jaw and 
one patient experienced an atypical femoral frac-
ture 3.5  months after starting romosozumab. 
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a

b

Fig. 19.4 (a) Phase 1 effects of one single injection of 
romosozumab (210 mg) on bone biochemical markers in 
healthy men and postmenopausal women. P1NP (green 
line) increases rapidly to reach a peak at 175% of baseline 
after about 30 days and then returns to baseline by 60 days; 
CTX (blue line) decreases sharply after the injection, 
briefly returns close to baseline and then decreases to about 
50% of baseline after 20–30  days, returning to baseline 
after 50–60 days. (b) Phase 2 effects of 12 monthly injec-
tions of romosozumab (210  mg) on bone biochemical 
markers and BMD in postmenopausal women. After 
repeated monthly injections of the antibodies, the bone for-
mation marker P1NP (green line) increases rapidly and 
reaches a peak at 100% above baseline after 1 month, simi-
lar to the effects of a single injection, but then declines 

progressively, despite continued treatment, first sharply 
between 1 and 3 months and slowly thereafter, reaching 
baseline values at 6 months; it then drifts below baseline at 
12 months; at the same time, the bone resorption marker 
CTX (blue line) decreased sharply to reach a 40% nadir 
after 1 month, bouncing back close to baseline at 3 months 
but decreasing progressively thereafter to 20–40% below 
baseline at 6 and 12 months. During this 12 months period, 
BMD increased at both the spine and the hip (straight blue 
lines) by 11% and 4%, respectively, at a faster pace during 
the first 6 months than between 6 and 12 months. Changes 
observed in the two Phase 3 trials, FRAME (Cosman et al. 
[64],) and ARCH (Saag et al. [68],) in biochemical mark-
ers and BMD followed similar patterns. (a Based on data 
from Ref. [60]. b Based on data from Ref. [62])
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The lack of a significant reduction in nonverte-
bral fractures despite the very large BMD 
increases were difficult to explain, though the 
authors noted that in a preplanned subgroup anal-
ysis, among Latin American study sites the risk 
of nonvertebral fracture was lower than in other 
areas and there was no effect of romosozumab on 
nonvertebral fracture incidence. When these sites 
in Latin America were excluded, a significant 
effect was observed on nonvertebral fractures, a 
finding that should not be over-interpreted.

 ARCH Study (Active Comparator)
The ARCH study was a phase 3 randomized con-
trolled trial in which 4093 postmenopausal women 
with either (1) a total or femoral neck T 
score < −2.5 and either one or more moderate or 
severe vertebral fractures or (2) two or more mild 
vertebral fractures or a T score < −2.0 and either 
two or more moderate or severe vertebral fractures 
or recent hip fracture were randomized to receive 
1  year of monthly subcutaneous romosozumab 
(210 mg) or weekly oral alendronate (70 mg) [68]. 
After the first year, all subjects received open-label 
alendronate for an additional 3  years. After 
24 months, the women randomized to the romoso-
zumab-to-alendronate arm had a 48% lower risk 
of new vertebral fractures (Fig. 19.5) and a 19% 
lower risk of nonvertebral fracture compared to the 
alendronate-alendronate arm, both of which were 
statistically significant. The benefit of romoso-
zumab on fracture risk appeared to be sustained 
but not expanded during the 3-year follow-up, 
when all subjects were receiving alendronate. This 
study was notable because it is among the only 
osteoporosis head- to- head trials to show a fracture 
benefit of one drug versus another and remains the 
only study to show a nonvertebral fracture benefit 
of one drug over another. Unlike in the FRAME 
study, however, in ARCH there was an increased 
incidence of adjudicated serious cardiovascular 
adverse events (2.5% versus 1.9% at 12 months). 
Because vascular safety signals with romoso-
zumab were not noted in FRAME, this was a sur-
prising finding and one that persisted even when 
all subjects were taking alendronate. Moreover, as 
discussed below, there was also a numeric imbal-
ance in the much smaller BRIDGE Study of male 

osteoporosis. Potential mechanisms that may 
underlie a romosozumab-induced increase risk in 
cardiovascular events have been hypothesized 
given recent basic studies demonstrating that both 
canonical and noncanonical Wnt pathways play a 
role in vascular pathophysiology, but have not 
been clearly defined [69].

 BRIDGE Study (Male Osteoporosis)
The BRIDGE study [70] was a placebo- controlled 
trial of 245 men aged 55–90 with a T score at the 
spine, femoral neck, or total hip <−2.5 or > −1.5 
with a history of fragility nonvertebral or verte-
bral fracture randomized to receive either romo-
sozumab or placebo (2:1 randomization) for 
12 months. In these men, the increases in BMD 
were similar to those observed in postmeno-
pausal women with significant increases at the 
spine and hip of 12.1% and 2.5%, respectively. 
As noted above, the percentage of subjects expe-
riencing adjudicated serious cardiovascular 
events was 4.9% in the romosozumab group and 
2.5% in the placebo group.

 Discontinuing Romosozumab
As discussed in prior chapters, the effects of dis-
continuing osteoporosis medications differ 
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Fig. 19.5 Head-to-head fracture reduction, romoso-
zumab versus alendronate. Incidence of new vertebral 
fractures in postmenopausal osteoporotic women treated 
with 1 year of romosozumab followed by 1 year of alen-
dronate versus postmenopausal osteoporotic women 
treated with 2 years of alendronate in the ARCH study. 
(Based on data from Ref. [68])
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depending on their mechanism of action. Bone 
mineral density gains are generally sustained 
when bisphosphonates are discontinued whereas 
gains in bone density are reversible when PTH 
analogs, hormonal agents, or denosumab are dis-
continued (albeit to differing degrees). The 
effects of discontinuing romosozumab were 
investigated in an extension to the initial 
12-month bone mineral density study of 419 
postmenopausal women discussed above [71]. 
Specifically, the women originally randomized to 
receive one of several doses of romosozumab for 
12 months were then extended for an additional 
12 months on their assigned therapy after which 
they were re-randomized to either denosumab or 
placebo. Focusing on the group that received 
210 mg monthly, BMD at the spine and hip con-
tinued to increase (albeit quite modestly) during 
the second year of therapy but after re- 
randomization women receiving placebo experi-
enced acute bone loss. 12  months after 
re-randomization, spine BMD had decreased 
nearly 10% and hip BMD decreased by approxi-
mately 5% in the placebo group with BMD at the 
hip essentially reverting to the pretreatment base-
line. Bone formation (as assessed by P1NP), 
which was below the pretreatment baseline after 
24 months of romozosumab, gradually returned 
to pretreatment levels during the placebo phase. 
Conversely, bone resorption (as assessed by 
CTX), which was below the pretreatment base-
line after 24 months of romozosumab, increased 
more rapidly and to a level above the pretreat-
ment baseline. CTX levels remained nearly 50% 
above pretreatment baseline even at month 36 or 
12  months after romosozumab discontinuation. 
These findings underscore the importance of con-
sistently following romosozumab with an antire-
sorptive agents, as was done in the large phase 3 
trials discussed above.

 Sequential Therapy
As discussed in Chap. 18 and in the above sec-
tion, the utility and necessity of transitioning to 
an antiresorptive agent after completing anabolic 
therapy is well-established. Conversely, it has 
been reported that the effects of using PTH ana-
logs after bisphosphonate exposure results in a 

significant blunting of the BMD increases, espe-
cially at the hip (see Chap. 17). The effect of 
romosozumab when used after bisphosphonate 
therapy was investigated in 436 postmenopausal 
osteoporotic women who had taken an oral 
bisphosphonate for 3 or more years before enroll-
ment and alendronate the year before enrollment 
who were then randomized to receive either 
romosozumab 210 mg monthly or teriparatide for 
12 months [72]. In this study, those randomized 
to romosozumab achieved greater gains in BMD 
at the spine then those receiving teriparatide 
(9.8% versus 5.4%). At the hip, women random-
ized to romosozumab achieved gains of 2.9% 
versus no gain with teriparatide. Additionally, hip 
strength (estimated by finite element analysis of 
QCT images) increased only in the romosozumab 
group (2·5% versus −0.7% in the teriparatide 
group). Bone formation (P1NP), which was sup-
pressed at baseline due to the bisphosphonate 
exposure, increased transiently whereas bone 
resorption (CTX) decreased transiently. The 
romosozumab-induced changes of bone turnover 
in this cohort are difficult to compare to those 
reported in treated naïve women due to their 
much lower baseline values, but it should be 
noted that the BMD gains appear to be still 
slightly lower than those reported in treated naïve 
women, and hence some degree of blunting can-
not be excluded.

In conclusion, the discovery that Sost muta-
tions in the gene that encodes for sclerostin, Sost, 
in humans lead to two rare high bone mass condi-
tions, established that sclerostin is a critical regu-
lator of bone mass. Numerous studies in 
genetically modified animal models have since 
then demonstrated that sclerostin, mainly 
secreted by osteocytes, is an antagonist of the 
canonical WNT signaling pathway, and thereby 
negatively regulates bone formation and favors 
bone resorption. Compelling evidence indicates 
that sclerostin suppresses cell commitment to the 
osteoblast lineage, prevents bone lining cell acti-
vation, osteoblast differentiation and activity, and 
inhibits late osteoblast differentiation into osteo-
cytes. Consequently, inhibition of sclerostin via 
specific antibodies markedly enhances bone for-
mation, in particular modeling-based bone for-
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mation stemming from the activation of quiescent 
bone lining cells, as well as remodeling-based 
formation. In addition, sclerostin antibodies sup-
press osteoclast differentiation and bone resorp-
tion. The combination of these two effects results 
in an unprecedented increase in trabecular and 
cortical bone density and bone strength.

In humans, antibodies to sclerostin, and romo-
sozumab in particular, are able to acutely, though 
transiently, stimulate bone formation while mod-
estly decreasing bone resorption. In this way, 
romosozumab is first single-agent regimen that 
has successfully separated effects on bone forma-
tion and resorption leading to large and rapid 
increases in bone mineral density and decreases 
in fracture incidence. While potential safety 
issues have emerged related to cardiovascular 
event, as of the writing of this chapter, romoso-
zumab has been approved for the treatment of 
severe postmenopausal osteoporosis in Japan and 
in the United States (approval in Europe is still 
pending). These approvals are accompanied by 
specific warnings regarding the potential for 
increased cardiovascular risk and potential 
restriction on the appropriate patient populations 
to be treated.
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Osteoporosis in Men

Robert A. Adler

 Introduction

Early osteoporosis guidelines did not even men-
tion men, but gradually there has been greater rec-
ognition that osteoporotic fractures occur in men 

as well as women. As the population ages, men 
are living long enough to fracture; indeed, the 
incidence of fracture rises markedly after age 80. 
Despite greater appreciation of osteoporotic frac-
ture risk in men, men are less likely to have atten-
tion paid to underlying osteoporosis after a hip 
fracture or during oral glucocorticoid therapy. In 
addition, for reasons not yet clear, men do worse 
after a hip fracture, with higher death rate and 
lower incidence of postfracture independence. 
While much of our knowledge about osteoporosis 
in men relies upon studies in women, there is 
more evidence than ever to prove that medications 
that lower fracture risk in women will also do so 
in men. Consequently, a plan for identifying men 
at risk, evaluating, and treating men can be con-
structed. Even with limited evaluation and treat-
ment tools, it should be possible to lower fracture 
risk and the sequelae of fracture.

 Definition and Epidemiology 
of Osteoporotic Fracture

Osteoporosis can be defined as the occurrence of 
a low trauma fracture, meaning a fracture after a 
fall from a standing position. The bone breaks 
because it is too weak to withstand the force of the 
fall. With increasing age, more low trauma frac-
tures occur in both sexes, although risk acceler-
ates about 10 years later in men than in women. 
Surprisingly, based on data from the websites of 
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Key Points
• Osteoporosis in men is common with 

one out of four to six men over the age 
of 50 experiencing an osteoporotic frac-
ture in their lifetime.

• In men who experience a hip fracture, 
there is a very high mortality rate (even 
higher than the rate in postmenopausal 
women) and survivors often lose 
independence.

• History, physical exam, modest lab test-
ing, and DXA are indicated in all men 
who experience an osteoporotic fracture.

• Osteoporosis medications are similarly 
effective in men as they are in women.
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the American Heart Association, the American 
Cancer Society, and the National Osteoporosis 
Foundation, the annual incidence of osteoporotic 
fracture in men is greater than the annual inci-
dence of stroke, myocardial infarction, or prostate 
cancer. Yet, osteoporosis is generally considered 
to be a disorder affecting postmenopausal women. 
Osteoporosis is defined operationally as compro-
mised bone strength due to decreased bone quan-
tity and/or quality. It is much easier to determine 
quantity, and as in women, osteoporosis is defined 
by the World Health Organization as a bone min-
eral density (BMD) by dual energy X-ray absorp-
tiometry (DXA) 2.5 standard deviations below the 
normal young mean at peak bone mass, a T 
score  ≤  −2.5. The International Society for 
Clinical Densitometry (ISCD) and other expert 
groups concluded that for all people, a normal 
white female database should be used for calcula-
tion of the T score [1]. While this decreases the 
proportion of men who fit this diagnostic criterion 
for osteoporosis [2], there is evidence that they 
will have a better response to osteoporosis treat-
ment [3]. A further definition of osteoporosis is 
derived from fracture risk calculation scores. 
Those men who have a risk beyond a certain 
threshold can be described as having osteoporo-
sis. Specifically, the National Bone Health 
Alliance (NBHA) proposed that the FRAX 
10-year fracture risk calculation, based on femo-
ral neck BMD and several validated risk factors 
(age, previous fracture, parental history of frac-
ture, current smoking, drinking more than three 
units per day, use of glucocorticoid drugs, and 
rheumatoid arthritis), be used to define osteoporo-
sis. If a ≥ 3% 10-year risk of hip fracture or ≥ 20% 
10-year risk of major osteoporotic fracture (spine, 
hip, humerus, or wrist) is predicted by the FRAX, 
then the patient is considered to have osteoporosis 
[4, 5]. Wright et al. [6] reviewed NHANES data 
and found that 16% of men over age 50 and 46% 
of men over age 80 meet these criteria. It is inter-
esting that at age 50, a man has a 13–25% chance 
of suffering an osteoporotic fracture during his 
lifetime, [7] compatible with the findings of 
Wright et  al. Other countries may have other 
thresholds for the diagnosis of osteoporosis, and it 
is not proven that treating men with osteoporosis 

by the NBHA definition will lead to fewer frac-
tures. Regardless of the definition used, it is obvi-
ous that osteoporosis in men is more common 
than most patients and clinicians have thought.

As stated above, the increase in fracture risk in 
men occurs about 10  years later in life than in 
women [8]. One reason for this is that, in general, 
men have bigger bones than women. Thus, there is 
more bone to lose with aging. Second, there is evi-
dence that the changes with aging in bone are 
somewhat different. In trabecular bone, aging in 
women leads to fewer trabeculae and the spaces 
between trabeculae increase, whereas in men there 
is simply thinning of trabeculae [9]. In cortical 
bone, men have more periosteal bone formed with 
aging than do women [10]. Men do not undergo 
menopause with rapid loss of sex steroids. Instead, 
there is a gradual diminution of testosterone and 
estradiol with aging in men. While these differ-
ences delay the incidence of fracture, it is interest-
ing that once a hip fracture occurs, men have about 
twice the mortality rate of women [11]. In addi-
tion, those men who survive hip fracture are not 
likely to regain independence. The seriousness of 
hip fracture in men is greatly underappreciated. A 
consequence of this lack of appreciation is that 
men are less likely to have evaluation and treat-
ment of underlying osteoporosis in situations 
where there is consensus that osteoporosis and 
fracture risk should be assessed, such as after a fra-
gility fracture [12] or in those individuals taking 
oral glucocorticoids [13]. Some years ago, predic-
tions [14] were made on the incidence and costs of 
osteoporotic fracture in American women and 
men in 2005 and 2025. At the earlier time, almost 
30% of fragility fractures were found to occur in 
men, and it was predicted that there would be a 
significant increase in the number of new fractures 
in men as the population aged, as of 2025. The 
predictions may have been conservative because 
of an interesting and troubling recent finding [15]. 
In the Medicare population, mostly American 
adults over age 65, the incidence of hip fracture 
had been declining dramatically from about 2002 
to 2012. From 2012 to 2015, the hip fracture inci-
dence remained the same, according to the study 
by Lewiecki et al. [15]. Potential reasons for this 
included actual decreases in the diagnosis of 

R. A. Adler



393

osteoporosis, the number of bone density tests 
done per year [15], and number of prescriptions 
for osteoporosis medications [16]. Should this 
trend continue, as men live long enough to frac-
ture, the incidence, morbidity, mortality, and costs 
of osteoporotic fractures are likely to rise. 
Populations in Europe and the rest of the world are 
also aging. For example, in the European Union, 
the overall annual incidence of osteoporotic frac-
ture is predicted to rise from 2.5 million in 2010 to 
4.5 million in 2025 [17].

 Osteoporotic Fractures  
in Middle – Aged Men

While most fragility fractures occur in men after 
age 80, middle-aged men may present with verte-
bral fractures (either clinical or on X-ray) or low 
BMD. While there are no studies of large popula-
tions presenting this way, either of two common 
disorders is likely to be present, although there 
are some less likely causes as well. Hypogonadism 
leads to low bone density and lower muscle mass, 
and it can present as a fracture in middle age. The 
diagnosis can usually be made by history, physi-
cal examination, and early morning fasting levels 
of serum testosterone. The site of the defect (at 
the testes or at the pituitary or above) can be 
deduced from the levels of the gonadotropins, 
LH, and FSH. If they are elevated in the face of a 
low serum testosterone, the diagnosis is primary 
hypogonadism (a testicular defect). If LH and 
FSH are not elevated in the face of low serum 
testosterone, the diagnosis is secondary hypogo-
nadism. The patient may be relatively asymptom-
atic unless there is a clinical fracture or the patient 
has had low enough testosterone for long, enough 
to have decreased libido. It has long been estab-
lished that the BMD of middle aged and younger 
men with hypogonadism will respond to testos-
terone replacement [18]. The impact on fracture 
risk is unknown, but most experts will follow 
BMD and other risk factors in such patients to 
determine if additional therapy is needed.

Another relatively common cause of osteopo-
rosis in middle-aged men is hypercalciuria [19]. 
Some of the patients may have a history of kid-

ney stones. It is thought that long-standing nega-
tive calcium balance predisposes to osteoporosis 
and may present in middle age with vertebral 
fractures. Some secondary causes of osteoporosis 
(see below) may be relatively asymptomatic, 
such as celiac disease. These secondary causes 
can be discovered by history, physical examina-
tion, and targeted laboratory testing. In addition, 
there have been a few specific syndromes that 
have presented as vertebral fractures or osteopo-
rosis in younger men. These include idiopathic 
osteoporosis characterized by low serum IGF-1 
levels despite normal growth hormone secretion 
[20]. In Belgium, male family members have 
been found to have low bone mass associated 
with decreased bioavailable estradiol levels [21].

 Screening for Fracture Risk  
in Older Men

One method to reduce fractures is primary pre-
vention, and the best predictor of fracture in gen-
eral is DXA. Several organizations and guidelines 
suggest or recommend DXA screening men at a 
certain age. For example, the Endocrine Society 
Male Osteoporosis Guideline [22] suggested 
DXA testing at age 70; men younger than 70 
could be tested if important risk factors or sec-
ondary causes of osteoporosis were present. On 
the other hand, the United States Preventive 
Services Task Force [23] concluded that there 
was insufficient evidence to recommend for or 
against osteoporosis screening by DXA in men. 
Even in women, the effectiveness of osteoporosis 
screening has not been supported by many stud-
ies demonstrating that such screening leads to 
fewer fractures. More recently, an important trial 
from the United Kingdom [24] provided convinc-
ing evidence that a screening program in women 
had important benefits. In the SCOOP study, 
women were randomized to normal care or a 
two-step screening procedure. The first step con-
sisted of calculating FRAX using body mass 
index (BMI). FRAX, described below, predicts 
the 10-year risk of major osteoporotic fracture 
(MOF: spine, hip, wrist, or humerus) and hip 
fracture based on BMD or BMI plus validated 
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risk factors such as age, prior history of fracture, 
parental history of fracture, etc. Those women 
found to be at low risk by FRAX with BMI 
received no further evaluation. Those whose risk 
was higher were then invited to have a DXA, and 
with it either osteoporosis was diagnosed or 
FRAX was recalculated with BMD.  Those 
women who met treatment thresholds were 
treated for osteoporosis and over 5  years had 
fewer fractures than the women who had usual 
care. Thus, screening worked [24]. There are no 
large randomized studies in men, and given the 
lower fracture incidence in men, the size of a 
 randomized, controlled trial similar to SCOOP 
would have to be much larger and more expen-
sive. In a recent observational study [25] using 
the very large administrative database from the 
United States Department of Veterans Affairs, 
Colon-Emeric et  al. demonstrated that overall 
DXA screening as currently done does not lead to 
fewer fractures. One important reason for this 
was the very low initiation of, and persistence 
with, osteoporosis medication in those men who 
met criteria for treatment, based on the screening. 
On the other hand, when prespecified higher risk 
groups were screened by DXA, fewer fractures 
occurred over the study period. The men at aug-
mented fracture risk included those aged 80 or 
older, those on androgen deprivation therapy 
(ADT) for prostate cancer or on chronic oral glu-
cocorticoid therapy, and those with high fracture 
risk predicted by FRAX using BMI. Men aged 65 
or older were likely to benefit from DXA screen-
ing if they had one of several important risk fac-
tors (in addition to those already listed [26]): 
rheumatoid arthritis, use of enzyme-inducing 
antiepileptic drugs, alcohol abuse, smoking, 
hyperthyroidism, hyperparathyroidism, chronic 
liver disease, chronic lung disease, stroke, 
Parkinson’s disease, BMI < 25 kg/m2, or history 
of gastrectomy (prior Bilroth or bariatric). The 
conclusion from this study was that targeted test-
ing with DXA could identify men at the highest 
fracture risk, leading to fewer fractures [25].

From these studies, a strategy for DXA testing 
in men can be developed. FRAX can be calcu-
lated from history and measurement of height 
and weight. Other history can be entered into the 

FRAX website (www.shef.ac.uk/FRAX/) and the 
10-year risk of MOF and hip fracture can be 
determined. For glucocorticoid-induced osteopo-
rosis [27], the American College of Rheumatology 
defines low risk of fracture as <10% MOF and 
<1% hip fracture, moderate risk as 10–19% MOF 
and 1–3% hip fracture, and high risk as 20% or 
more MOF and 3% or more hip fracture over 
10 years. Using these criteria and BMI as a sur-
rogate for BMD, FRAX can be calculated to 
choose moderate or high risk men for DXA test-
ing. In addition, all men 80 and older, or those on 
chronic prednisone or ADT, and those over 65 
with one of the other important diagnoses could 
be tested by DXA. The proposed screening test 
algorithm is shown in Fig. 20.1. There are some 
caveats to this algorithm. One is that calculations 

Fig. 20.1 Men who should be tested by DXA. 
Abbreviations: Fx osteoporotic fracture, ADT androgen 
deprivation therapy, GC oral glucocorticoids >5  mg for 
>3  months. Risk factors are derived from [26]: current 
smoking, alcohol abuse, hyperthyroidism, hyperparathy-
roidism, chronic liver disease, enzyme-inducing antiepi-
leptic drugs, stroke, Parkinson’s disease, rheumatoid 
arthritis, gastric surgery, high risk by FRAX using BMI. 
(Scheme based on data from Colon-Emeric et al. [25])
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simpler than FRAX may be helpful in choosing 
men for DXA testing. The Osteoporosis Self- 
Assessment Tool (OST) is based on weight and 
age [28]. In men, it can predict bone density 
fairly well, although not in all studies [29, 30]. 
For determining which men should have a DXA, 
OST may be used instead of FRAX, because in 
some studies it has been shown to be as good as, 
if not better than, FRAX with BMI [31]. A sec-
ond caveat relates to the treatment threshold for 
fracture risk based on FRAX.  In the United 
States, patients are treated if the MOF risk is 20% 
or higher or the hip fracture risk is 3% or higher, 
based on a cost-effectiveness study [5]. With 
generic bisphosphonates now very cheap, the 
cost-effectiveness argument seems less convinc-
ing, and in many countries, the threshold for 
treatment is different from that of the United 
States. On a practical level, can the clinician con-
vince a man to take medication for a long time if 
his 10-year hip fracture risk is 3% and his 10-year 
probability of not having a hip fracture is 97%? 
On the other hand, if the FRAX or OST calcula-
tion leads to a DXA that shows osteoporosis, then 
the male patient is probably (though not proven) 
more likely to be willing to begin osteoporosis 
treatment.

 Other Evaluation: History, Physical 
Examination, Laboratory Testing

If a man has had a fragility fracture and/or has a 
DXA showing osteoporosis and/or is found to be at 
high fracture risk by FRAX or other risk calculator, 
then history and physical examination are impor-
tant to plan management. It has been said that sec-
ondary causes of osteoporosis are more common in 
men than in women, but there is some overlap 
between secondary causes and risk factors for frac-
ture [32]. Table 20.1 lists some of the more com-
mon secondary causes of osteoporosis in men [33]. 
Table 20.2 is derived from a study [34] of hip frac-
ture in the MrOS cohort. This multisite observa-
tional study of about 6000 older American men has 
provided a great deal of information about osteopo-
rotic fracture. Among the many lessons from the 
study, risk factors (as listed in Table 20.2) magnify 

fracture risk after DXA is measured. For example, 
if men have a femoral neck T scores < −2.5 and 
only one of the risk factors listed in Table 20.2, the 
annual incidence of hip fractures is about 11/1000 
patient- years. However, if the men have four or 
more risk factors with the same T score, the inci-
dence of hip fractures is about 51/1000 patient-
years, an almost fivefold difference [34]. Thus, 
these secondary causes and risk factors may be 
revealed by the history and physical examination: 
these are the problems the clinician should be look-
ing for while assessing the patient.

In our Metabolic Bone Disease Clinic, we also 
watch the patient walk into the examination 

Table 20.1 Important secondary causes of osteoporosis 
in men

Oral glucocorticoid therapy
Androgen deprivation therapy for prostate cancer
Chronic obstructive pulmonary disease
Primary testicular failure
Secondary hypogonadism
Alcohol abuse
Multiple myeloma
Gastrectomy/bariatric surgery
Rheumatoid arthritis
Organ transplantation
Celiac disease, other malabsorption
Hyperthyroidism
Hyperparathyroidism
Inflammatory bowel disease
Mastocytosis
Mobility disorders (e.g., stroke, multiple sclerosis, 
Parkinson’s disease, and spinal cord injury)

Table 20.2 Risk factors that magnify hip fracture risk 
predicted by DXA

Age > 75 years
Less protein in diet
Any fracture after age 50
Divorce
Tricyclic antidepressants
Hypoglycemic agents
Height loss
Hyperthyroidism
Parkinson’s disease
Inability to do chair stands
Decreased cognitive function
Current smoking

Based on work of Cauley et al. [34]
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room. We ask the patient to stand up from the 
chair without using his hands. We enquire about 
his dental health. Are invasive dental procedures 
planned? We ask about gastro-esophageal reflux 
(GERD) and ability to swallow pills and food. 
We ask about dietary/supplemental calcium and 
vitamin D as well as general nutrition including 
protein intake. We ask about exercise, home 
safety, vision, and falls. Another fracture risk cal-
culator, the Garvan Nomogram [35], adds the 
number of falls in the past year to the calculation 
of 5-year and 10-year fracture risk. While some 
of these questions are appropriate for any general 
medical visit, it is obvious that others are more 
specific to osteoporosis. We review and reconcile 
medications. We ask about over-the-counter 
medications, supplements, herbals, and illicit 
drugs. We gently inquire about smoking and 
drinking. On examination, we are interested in 
kyphosis, height loss, balance, dental hygiene, 
tenderness upon spine percussion, and evidence 
of thyroid hyperfunction or gonadal hypofunc-
tion, among other things.

No blood or urine test can be used to define 
osteoporosis. Some experts measure baseline 
bone turnover marker levels (particularly those of 
bone resorption, such as CTX) as a baseline for 
assessing patients’ responses to antiresorptive 
(antiturnover) therapy. Men who do not suppress 
CTX after starting antiresorptive treatment may 
not be adherent or responsive to therapy. This 
might lead to a different treatment option. 
Laboratory tests should be done to help make 
some of the diagnoses listed in Table 20.1 and are 
shown in Table 20.3. However, there are standard 
laboratory tests that should be done in all men 
with elevated risk for osteoporotic fracture. 
Serum chemistries should include calcium, phos-
phate, and a measure of renal function. In addi-
tion, alkaline phosphatase has been recommended 
as a marker of bone turnover and bone response 
to treatment. High quality studies to prove the 
value of each of these laboratory tests are lack-
ing, but there are good reasons to check them. 
Serum calcium and phosphate are important for 
detecting hyperparathyroidism and possibly mal-
absorption. Renal function must be known before 
prescribing certain medications. In the 

U.S. Veterans population, laboratory testing has 
proven valuable in identifying secondary causes 
of osteoporosis [32], whereas in the healthier 
MrOS cohort, routine testing has not yielded sim-
ilar results [36]. Alkaline phosphatase elevations 
may be seen in patients with recent fracture and 
more interestingly, low serum alkaline phospha-
tase may be a clue to a disorder that, while still 
unusual, has been reported in patients who appear 
to have osteoporosis. This is hypophosphatasia, a 
genetic disorder of low serum alkaline phospha-
tase leading to variable clinical manifestations, 
including osteomalacia and low bone density. 
Hypophosphatasia is very diverse clinically, and 
its presence may complicate the management of 
osteoporosis [37].

As in women, vitamin D status should be 
checked in men with osteoporosis, partly to rule 
out osteomalacia and also to assure full response 
to osteoporosis treatment. Although not all stud-
ies demonstrate this, some osteoporosis treat-
ments appear to work better if the serum 
25-hydroxyvitamin D level is at least 30  ng/ml 
[38]. A full discussion of vitamin D is beyond 
this chapter, but suffice it to say that most experts 
believe that for osteoporosis patients, a level of 
30 ng/ml is the appropriate vitamin D goal [39]. 
An argument can be made to measure a complete 
blood count, now an automated inexpensive test, 

Table 20.3 Laboratory tests for men with osteoporosis/
increased fracture risk

Standard tests for all
Serum calcium
Serum phosphate
Renal function measurement
Serum alkaline phosphatase
Serum 25-hydroxyvitamin D
Complete blood count
24-hour urine calcium
Tests for specific patients, depending on history, 
physical examination, standard tests
Serum testosterone (possibly free and bioavailable 
testosterone)
LH, FSH, prolactin
Parathyroid hormone (PTH)
Thyroid function tests (TSH, free T4)
Celiac panel
Serum/urine protein electrophoresis
Tryptase
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in patients with osteoporosis because multiple 
myeloma can cause fractures that resemble fra-
gility fractures, and three-fourths of patients with 
multiple myeloma are anemic. Finally, when the 
25-hydroxyvitamin D level is close to 30 ng/ml, a 
24-hour urine calcium can be helpful to diagnose 
hypercalciuria and hypocalciuria, the latter being 
a consequence of malabsorption.

In addition to DXA, images of the spine may 
reveal compression deformities. A man who has 
lost more than 2 inches (5 cm) in height may have 
no recollection of an acute painful back event but 
may have wedging in the thoracic or lumbar 
spine. Vertebral fracture assessment is available 
on some DXA machines [40]. This technique is 
efficient because it can be done at the same time 
as the DXA, provides a good image up to T5, and 
has a much lower radiation dose than conven-
tional X-rays of the spine. However, there is con-
siderable technician time needed for assessment 
and reimbursement by insurance is unlikely. 
Indeed, reimbursement for regular DXA is prob-
lematic in the United States. Only men who have 
fractured, are on glucocorticoids, have hyper-
parathyroidism, have lost significant height, or 
are treated with osteoporosis drugs are likely to 
have reimbursement of DXA testing. This is 
likely a further manifestation of the incorrect 
notion that osteoporosis is just a disorder of post-
menopausal women.

 The Role of Testosterone 
in Osteoporosis

In parallel to the gradual decline of BMD with 
aging, there is a gradual decline in serum total 
testosterone levels [41]. In addition, because sex- 
hormone- binding globulin rises with aging, free 
testosterone declines even more dramatically as 
men age [42]. Some years ago, Khosla and col-
leagues [43] reported that in aging men, BMD 
was more strongly associated with levels of bio-
available estradiol than with any measure of tes-
tosterone per se. It is important to note that in 
men, estradiol is produced by aromatization of 
testosterone, but circulating testosterone is found 
in so much greater amounts than estradiol that 

changes in estradiol are not very dependent on 
the amount of testosterone present. Nonetheless, 
it is likely that testosterone, by its impact on mus-
cle, plays a role in fracture risk. Binkley, Krueger, 
and Buehring [44] have postulated that osteopo-
rosis is part of a syndrome of muscle and bone 
loss that occurs with aging. While there is no 
consensus on the definition of sarcopenia [45], 
there is no doubt that the frail, older man with 
decreased muscle mass and strength is at risk for 
falls and consequent fracture. We know that 
patients with decreased mobility with loss of 
muscle, such as those with hemiplegia from a 
stroke [46] or with more generalized muscle loss 
from spinal cord injury [47], are at high risk for 
osteoporotic fracture. There is some evidence 
that androgens have direct effect on bone cells 
[48], and Leder et  al. [49] have shown that 
changes in testosterone have an impact on bone 
turnover markers.

If by direct or indirect means testosterone defi-
ciency leads to fracture risk, it is possible that tes-
tosterone replacement in men with hypogonadism 
would mitigate the increased fracture risk. It is 
very plausible but hard to prove that exercise, by 
improving muscle strength, leads to fewer frac-
tures [50]. Nonetheless, as listed below in the sec-
tion on nonpharmacologic therapy, weight bearing 
exercise is advocated for all patients with osteo-
porosis. Testosterone, by improving muscle mass 
and strength, would likely also decrease fracture 
risk, but no firm evidence exists. On the other 
hand, there is increasing evidence that testoster-
one replacement leads to increased bone mass. 
Early and recent studies [51, 52] have shown that 
testosterone replacement in older men raises 
BMD by DXA. In studies using testosterone gel 
replacement, Snyder et al. [52] demonstrated that, 
compared to men receiving placebo gel, testoster-
one modestly increased bone density by DXA and 
volumetric bone density by quantitative computed 
tomography (qCT). Importantly, testosterone gel 
increased bone strength determined by finite ele-
ment analysis (FEA) of qCT images. These find-
ings do not tell us how testosterone had its effects. 
It could be a direct effect on muscle and/or bone 
or an effect via the estradiol increase caused by 
testosterone replacement. Nonetheless, the evi-
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dence is stronger now to consider testosterone 
treatment for some clearly hypogonadal men. As 
described above, some middle-aged men present-
ing with vertebral fractures and/or low spine bone 
density may be hypogonadal, and testosterone 
replacement is usually indicated. Doing so has 
been known for years [18] to increase 
BMD. Although there are no fracture data, many 
experts would consider treating younger men with 
hypogonadism and osteoporosis only with testos-
terone replacement, saving  osteoporosis- specific 
drugs for those who are older, at very high frac-
ture risk, or cannot take testosterone. The long-
term safety of testosterone has not been 
established. In older patients, development of a 
drug that has anabolic effects on bone and muscle 
like testosterone but without some of the other 
androgenic effects (such as stimulation of the 
prostate) has been a goal not yet attained. As will 
be shown below, the great majority of men with 
increased osteoporotic fracture risk, regardless of 
testosterone status, will be treated with 
osteoporosis- specific medications.

 Summary of Osteoporosis 
Evaluation in Men

For the man who has fractured or found to have 
low bone mass by DXA testing, possible vertebral 
imaging, history, physical examination, and rou-
tine/targeted laboratory testing may lead to either 
a specific cause of osteoporosis or no specific 
cause. The findings will, of course, help the clini-
cian choose an appropriate course of therapy, 
including observation if fracture risk is consid-
ered to be very low. For the man not at high risk, 
each clinic visit may reveal a new risk factor, such 
as commencement of glucocorticoid or androgen 
deprivation therapy, that would lead to further re-
evaluation. For the man remaining at low risk, 
BMD changes slowly, so long intervals between 
DXA tests are reasonable. In the United Kingdom, 
some patients have periodic FRAX risk calcula-
tions using BMI. When the risk rises, a DXA is 
performed and the FRAX is recalculated. This is a 
reasonable longitudinal follow up in other parts of 
the world, particularly if it is augmented by gen-

eral history and physical examination plus longi-
tudinal measurements of height. Newer techniques 
such as qCT are useful for research but cannot be 
used clinically because the radiation dose pre-
cludes serial measurements in most cases. 
Particularly for the man who has lost height (>2 
inches), an image of the lateral spine, either X-ray 
or vertebral fracture assessment, should be per-
formed. Osteoporotic fractures occur in men with 
normal BMD. Indeed because use of the female 
normative database for DXA means more men 
who have fractured will have relatively good bone 
density [2], the clinician must remember that fra-
gility fracture almost always means osteoporosis, 
regardless of the BMD.

 Treatment of Osteoporosis in Men: 
Nonpharmacologic

Some experts have suggested that the general 
approach to treatment in the United States— 
quickly writing a prescription for an osteoporosis 
drug—is the reason patients do not trust clini-
cians. Thus, one approach to regaining trust in 
osteoporosis management is to make pharmaco-
logic treatment a part of a more comprehensive 
approach. For this reason, nonpharmacologic 
management will be described first. After all, the 
purpose of treatment is fracture risk reduction, not 
just increases in BMD. If one could turn back the 
clock, then adequate calcium, vitamin D, and 
exercise throughout life would be a good way to 
prevent fractures. The higher the maximum skel-
etal mass, the more there is to lose over time. 
Interestingly, delayed puberty in male adolescents 
leads to increased fracture risk later in life [53].

For the adult with increased fracture risk, 
there has been controversy as to whether calcium 
and vitamin D in diet and/or supplements actu-
ally decrease fracture risk. Part of the problem is 
that it is exceedingly difficult to design and exe-
cute randomized, controlled trials to determine if 
dietary components affect fracture risk. While 
there are systematic reviews that support calcium 
and vitamin D in patients with osteoporosis [54], 
a recent study [55] of normal populations failed 
to show that calcium and vitamin D had any 
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impact on overall fracture risk. Nonetheless, 
bone is the major source of calcium to maintain 
the serum calcium, and vitamin D must be ade-
quate to absorb calcium in the gut. Almost all 
studies of osteoporosis medications have included 
calcium and vitamin D for both placebo and 
active drug arms. There is some evidence [38], 
for example, that patients respond to bisphospho-
nates better if serum vitamin D levels are 30  ng/
ml or greater. In older men [34], lack of protein in 
the diet appears to be associated with increased 
hip fracture risk. This finding is consistent with 
the hypothesis that fracture risk is a component 
of the sarcopenia noted in many elderly individu-
als. Consequently, adequate dietary protein, in 
addition to calcium and vitamin D, is suggested 
for older men at augmented fracture risk.

Reducing fall risk is very important in older 
men. Maintenance of muscle strength, improving 
balance, good vision, and home safety are some 
of the ways falls can be reduced. Examples of 
specific techniques include tai chi [56], balance 
training [57], cataract removal [58], and night 
lights. From my experience, men avoid walking 
aids. Convincing a man to use a cane for balance 
or a walker may be difficult but worthwhile if it 
decreases fall risk. Reviewing the patient’s list of 
medications is important as well. Any medication 
that can affect cognition, wakefulness status, or 
balance should be avoided if possible. 
Benzodiazepines, hypnotic antihistamines, and 
powerful antihypertensives potentially raise fall 
and fracture risk. Men with seizures fall, so good 
control of seizures is important. Attention must 
be paid to vitamin D status because some antiepi-
leptic drugs, such as phenytoin and carbamaze-
pine, increase the catabolism of vitamin D [59].

 Pharmacologic Treatment 
of Osteoporosis in Men: 
Bisphosphonates

Presenting osteoporosis treatment as part of a 
comprehensive approach to fracture risk reduc-
tion takes more time but provides context for the 
use of medications. In the United States, the first 
modern bisphosphonate, alendronate, was 

approved in 1995. Alendronate, risedronate, and 
zoledronic acid are now widely used in men as 
approved treatment for osteoporosis. The early 
studies in men were too small to definitively 
show fracture risk reduction, but the bisphospho-
nates raised BMD and affected bone turnover 
markers similarly in men compared to women 
[60–62]. A more recent study was designed to 
use morphometric vertebral fracture risk reduc-
tion as the primary outcome. In this 2-year study 
[63], Boonen and colleagues reported that zole-
dronic acid administration led to a statistically 
significant fracture risk reduction with data simi-
lar to what has been reported in women. Thus, 
while there is no large body of randomized, con-
trolled trials showing decreased fracture risk in 
male patients taking bisphosphonates, there is 
consistency of the changes in fracture surrogates 
(DXA, bone turnover markers) with the Boonen 
study and studies in women. Generic alendronate 
is inexpensive and generally well tolerated. Thus, 
it has become the first choice of treatment for 
most men. The dose is the same in women and 
men, 70 milligrams (mg) by mouth weekly. 
Alternatives include oral risedronate 35  mg 
weekly or 150 mg monthly or intravenous zole-
dronic acid infusion, with a standard dose of 
5 mg yearly. For the patient unable to take oral 
bisphosphonates because of esophageal dys-
motility, Barret’s esophagus, GERD (esophageal 
reflux not under control), or having a large pill 
burden, the intravenous route is appropriate.

The length of osteoporosis treatment has not 
been adequately studied in men. Indeed, the only 
long-term studies involved postmenopausal 
women taking alendronate [64] or zoledronic 
acid [65]. A task force [66] empaneled by the 
American Society for Bone and Mineral Research 
made recommendations for long-term treatment 
in postmenopausal women based on these stud-
ies. However, they suggested that the approach 
could be used for men with osteoporosis as well. 
The approach suggests that after 5 years of oral 
bisphosphonate treatment or 3 years of intrave-
nous bisphosphonate, the patients should be reas-
sessed. If they remain at high fracture risk or had 
an osteoporotic fracture before or during treat-
ment, they should be continued on treatment and 
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reassessed again in 2 years. This is a reasonable 
approach, and the paucity of data, even in women, 
prevents stronger recommendations in men. In a 
recent article [67], this author advocated increas-
ing the intervals between zoledronic acid infu-
sions such that everyone taking bisphosphonates 
for osteoporosis would be treated for a minimum 
of 5 years. Assessment by history, physical exam-
ination, and DXA should be done at 5 years and 
every 2–3 years thereafter. The longest treatment 
study of osteoporosis was 10  years. For the 
patient still at risk after 10  years of treatment, 
there is no evidence. One example would be the 
man on long-term glucocorticoid treatment for an 
inflammatory condition. The American College 
of Rheumatology Guideline on Glucocorticoid- 
Induced Osteoporosis recommends continued 
treatment for the patient on higher doses of pred-
nisone for as long as it is taken [27].

One minor side effect of oral bisphosphonates 
is esophageal irritation, which can often be 
avoided by the patient taking a full glass of water 
with the alendronate tablet and staying upright or 
seated for the next half hour. Despite this, some 
patients will have nonspecific abdominal com-
plaints that are at least temporally related to the 
bisphosphonates. Such patients are candidates 
for intravenous zoledronic acid. Two other poten-
tial side effects may be very weakly associated 
with bisphosphonates but have been widely cited, 
particularly in the lay press: atrial fibrillation and 
esophageal cancer [68, 69].

There are two serious side effects that have 
been directly linked to bisphosphonates and 
probably related to duration of therapy: osteone-
crosis of the jaw and atypical femoral fracture 
(AFF). The reader is directed to chapters cover-
ing these side effects as well as pertinent review 
articles [70–72]. As part of the evaluation prior to 
bisphosphonate therapy, the patient should be 
asked about dental status and any invasive proce-
dures that can be done before starting therapy 
should be done. It is a good idea to look in the 
patient’s mouth for evidence of osteonecrosis of 
the jaw before and periodically after treatment is 
started. At this point, there are no definitive meth-
ods to predict AFF, but patients of Asian ethnic 
background, patients with bowed femora, and 

patients with varus femoral neck to shaft angle 
may be at higher risk [73, 74]. While on therapy, 
some patients developing AFF may have a pro-
drome of groin or thigh pain, which should be 
investigated with appropriate images [75]. 
Recently, it has been suggested that patients with 
hypophosphatasia may be at higher risk for AFF, 
so a suppressed alkaline phosphatase while on 
treatment could be a clue [37, 76]. Newer DXA 
instruments can provide a low radiation dose sin-
gle energy image of the entire femur. Whether 
doing this imaging at the time of follow-up DXA 
will catch early AFF is unknown.

 Pharmacologic Treatment 
of Osteoporosis in Men: 
Denosumab

Denosumab is a humanized monoclonal antibody 
directed against RANK Ligand, and it has been 
shown to increase BMD for up to 10  years in 
postmenopausal women [77]. In men, the short- 
term increase in BMD is similar [78]. In men on 
androgen deprivation therapy for prostate cancer, 
denosumab has been shown to increase bone den-
sity and decrease the incidence of vertebral frac-
tures [79]. Interestingly, denosumab is the only 
osteoporosis treatment that has been shown to 
increase BMD in the forearm. While there are no 
head-to-head fracture trials of denosumab versus 
bisphosphonates, a study in women on alendro-
nate demonstrated that switching to denosumab 
increased bone density more than remaining on 
alendronate [80]. On the other hand, one newly 
recognized aspect of denosumab therapy, noted 
in women, should affect consideration of this 
treatment. When bisphosphonates are discontin-
ued, the terminal half-life of this class of drugs is 
long, and bone density drops very slowly thereaf-
ter. Denosumab is not deposited in bone as are 
bisphosphonates. With discontinuation of treat-
ment, there is a rapid loss of bone and most trou-
bling are reports of multiple vertebral fractures in 
women who have recently discontinued deno-
sumab [81, 82]. Thus, men treated with this anti-
body need to have it administered on time every 
6 months. No definitive protocol for discontinua-
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tion has been established. Some experts believe 
that bisphosphonates should be started before the 
last injection of denosumab. For the man with 
osteoporosis and limited life expectancy, con-
tinuing denosumab indefinitely is reasonable. For 
the younger man, the rebound fractures upon dis-
continuation should be discussed prior to choos-
ing this therapy.

 Pharmacologic Treatment 
of Osteoporosis in Men: Anabolic 
Medications

From a randomized controlled trial [83], there is 
evidence that teriparatide increases BMD in men, 
and observational data [84] suggest that fracture 
risk is reduced. Teriparatide (parathyroid hor-
mone fragment of 34 amino acids), as described 
elsewhere in this book, improves microarchitec-
ture and builds bone. It is administered as a daily 
subcutaneous injection using a pen device. In the 
United States, it is much more expensive than 
other treatments. While it is less expensive in 
Europe, it is still orders of magnitude more than 
oral bisphosphonates. Nonetheless, there is 
increasing enthusiasm for using anabolic treat-
ment for the first 2 years in patients at the highest 
risk for osteoporotic fracture. Because bone is 
lost once teriparatide treatment is discontinued, 
an antiresorptive agent, usually a bisphosphonate 
should be started immediately [85]. In an impor-
tant study in postmenopausal women [86], ana-
bolic treatment for 2  years followed by 
denosumab treatment for 2  years had a much 
more robust effect on bone density than deno-
sumab treatment for 2 years followed by 2 years 
of teriparatide. A conclusion from this study is 
that high risk patients should not have to “fail” 
cheaper antiresorptive therapy before starting 
anabolic treatment. Interestingly, in contrast to 
the variable results of teriparatide combined with 
bisphosphonate treatments, teriparatide plus 
denosumab appeared to have a synergistic effect 
on BMD when given together over 2  years. 
Teriparatide continues to have a black box warn-
ing because of osteosarcoma seen in a certain 
strain of rodents who received high dose teripara-

tide from birth. So far, no osteosarcoma safety 
signal has been noted in humans on teriparatide 
[87], but treatment is still limited to 2 years. On 
the other hand, parathyroid hormone replacement 
with parathyroid hormone (1-84) in patients with 
hypoparathyroidism is not limited to 2 years. In 
any event, teriparatide should be considered for 
the man with very high fracture risk. It should not 
be given to men with higher risk of osteosarcoma, 
such as men with Paget’s disease or who have 
received radiation to bone. Our clinic will also 
not give it to men with prostate cancer because 
prostate cancer bony metastases can be osteo-
blastic, and teriparatide stimulates osteoblasts. In 
the United States, abaloparatide, a derivative of 
parathyroid hormone-related protein, has been 
approved for postmenopausal osteoporosis [88]. 
A study has been started to determine if it works 
similarly in men.

 Choice of Therapy in Men

There are no head-to-head fracture outcome stud-
ies of osteoporosis drugs in men. In glucocorticoid- 
induced osteoporosis, teriparatide treatment 
resulted in fewer morphometric and clinical verte-
bral fractures than alendronate in a 3-year study 
[89] that included men and women. In a recent 
study in postmenopausal women, teriparatide 
treatment resulted in fewer fractures compared to 
risedronate [90]. In practice, the huge difference 
in cost often decides the therapeutic choice, and 
generic oral alendronate is the usual first-line 
treatment. However, for the man at very high risk 
for fracture, teriparatide should at least be consid-
ered. Whether anabolic treatment first followed 
by antiresorptive treatment will lead to fewer 
long-term side effects is unknown.

 Conclusions

With increased life expectancy, men require more 
attention to their osteoporotic fracture risk. After 
hip fracture, mortality is high, and for those who 
survive, independence is often lost. Thus, finding 
men at high fracture risk is important and can be 
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accomplished with targeted screening. Evaluation 
is generally straightforward with history, physi-
cal examination, a small set of basic laboratory 
tests, and DXA for the majority of patients. 
Treatments used in women appear to work 
equally well in men. Long-term management 
remains a challenge partly because there are no 
long-term studies in men. Nonetheless, there is 
enough evidence to recommend that the man at 
high risk for osteoporotic fracture be treated and 
followed regularly.
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 Introduction

Harvey Cushing first described the association 
between excess endogenous glucocorticoids and 
fractures in 1932 [1]. By 1954, a few years after 
the introduction of prednisone to treat rheuma-
toid arthritis, the deleterious skeletal effects of 
exogenous glucocorticoids were reported [2]. 
Glucocorticoid-induced bone loss is now the 
most common form of secondary osteoporosis, 
and fractures are glucocorticoids’ most common 
adverse effect [3]. They are among the most com-
mon iatrogenic complications of clinical practice 
as glucocorticoids are used by 0.5–2.5% of adults 
[4]. Concomitant factors including the underly-
ing disease for which patients are treated, age, 
baseline bone mineral density (BMD), the hor-
monal status of the patient, and individual differ-
ences in sensitivity to glucocorticoid also play a 
role in determining whether or not a patient will 
develop osteoporosis and incident fractures.

 Pathogenesis of Glucocorticoid- 
Induced Bone Loss

Glucocorticoids have both direct and indirect 
effects on bone and affect both bone formation and 
resorption. Among the indirect effects, glucocorti-
coids cause a decrease in intestinal calcium absorp-
tion and an increase in the urinary excretion of 
calcium. Although secondary hyperparathyroidism 
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Key Points
• Glucocorticoid-induced bone loss is the 

most common secondary cause of 
osteoporosis.

• Glucocorticoids reduce bone strength 
more than bone mass

• Prevention of glucocorticoid-induced 
bone loss should be initiated within a 
few weeks of glucocorticoid initiation to 
prevent the loss of bone strength from 
glucocorticoids

• Treatments to prevent and treat gluco-
corticoid-induced bone loss are effec-
tive and include calcium and vitamin 
supplementation and either antiresorp-
tive or anabolic agents.
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had been thought to play a role in GIOP, elevated 
parathyroid hormone levels are not consistently 
found, and histomorphometric analysis of bone 
biopsies from patients with GIOP reveal decreased 
bone remodeling rather than the increased remod-
eling seen with secondary hyperparathyroidism 
[5]. Glucocorticoids inhibit gonadotopin secretion 
leading to hypogonadism. Enhanced bone resorp-
tion ensues, at least in part, due to enhanced secre-
tion of cytokines such as interleukin-6, tumor 
necrosis factor alpha, and macrophage-colony 
stimulating factor (M-CSF) [6].

Bone resorption is coupled with bone forma-
tion. A critical system involved in this coupling is 
the RANK-L (receptor activator of nuclear 
factor-κB ligand)-RANK-OPG (osteoprotegerin) 
system. RANK-L is secreted by osteoblasts, then 
binds to and activates its receptor, RANK, on the 
surface of osteoclast precursors and induces 
osteoclastogenesis [7]. OPG is a natural inhibitor 
of RANK-L, preventing RANK-L from binding 
to its osteoclast receptor. Glucocorticoids 
increase the expression of RANK-L and M-CSF 
[8] and decrease OPG expression in osteoblasts 
and stromal cells. The consequence of these 
changes is an initial increase in the number of 
osteoclasts capable of resorbing bone. Eventually, 
glucocorticoids deplete the population of osteo-
blasts as described below, which subsequently 
leads to decreased RANK-L and M-CSF expres-
sion by osteoblasts with a consequent decrease in 
osteoblast number [9].

However, the most significant mechanism of 
glucocorticoid-induced bone loss is decreased 
bone formation. Glucocorticoid exposure leads 
to a decrease in the activity and lifespan of 
osteoblasts, both by decreasing osteoblast for-
mation and increasing osteoblast apoptosis 
[10]. Pluripotent bone marrow stromal cells 
have the ability to differentiate into a number of 
cells of the mesenchymal lineage, including 
either osteoblasts or adipocytes. Glucocorticoids 
shift the differentiation of pluripotent stromal 
cells away from osteoblasts toward the adipo-
cyte lineage through regulation of nuclear fac-
tors of the CAAT enhancer-binding protein 
family and by induction of peroxisome prolifer-
ator-activated receptor γ2 [11]. Glucocorticoids 

also suppress canonical Wnt/β-catenin signal-
ing, a key regulator of osteoblastogenesis [12]. 
The bone morphogenetic protein (BMP) path-
way involved in stimulating osteoblast differen-
tiation and bone formation is also suppressed 
by glucocorticoids [13].

In addition to their effects on osteoblastogen-
esis, glucocorticoids have effects on bone matrix 
including the inhibition of type I collagen synthe-
sis and increased collagenase production [14] 
and on the production of skeletal growth factors 
through regulation of the transcription of the 
insulin growth factor I (IGF I) gene and its bind-
ing proteins [15].

Osteocytes are thought to participate in the 
detection and healing of bone microdamage. 
Accelerated apoptosis of osteocytes could lead to 
bone microdamage and diminished bone quality 
and strength independent of BMD [16]. Increased 
osteocyte apoptosis and necrosis has been docu-
mented in patients with GIOP [10].

Another key component in the pathogenesis of 
glucocorticoid induced osteoporosis, derived 
from a preclinical animal model, is decreased 
bone vascularity and blood flow. Reduced blood 
flow observed in GIOP is mediated by upregula-
tion of endothelin-1, while decreased bone vas-
cularity is mediated by suppression of vascular 
endothelial growth factor (VEGF) nitric oxide 
and Hif-1α and an increase in thrombospondin-1 
[17–19]. These vascular changes contribute to the 
decreased bone strength, even preceding changes 
seen with BMD measurements [20]. This 
decrease in blood flow was prevented by concur-
rent administration with PTH or LLP2A-Ale 
compared to placebo or glucocorticoids alone in 
a mouse glucocorticoid bone loss model [21].

 Glucocorticoid Effects on Bone 
Mineral Density

Glucocorticoids affect both trabecular and corti-
cal bone mass, however, bone loss is usually most 
marked in trabecular bone, due to its high surface 
area and high metabolic activity. Initiation of glu-
cocorticoids results in a rapid decline in bone 
mineral density (BMD). Subjects treated with 
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prednisone at 10 mg a day had trabecular BMD 
decline of 8.2% within 20 weeks, however upon 
discontinuing the glucocorticoid, there was a 
5.2% increase in BMD detected by quantitative 
computed tomography (QCT), a sensitive mea-
sure of trabecular bone density [22]. Also, sub-
jects initiating glucocorticoid therapy showed a 
−1% change in lumbar spine BMD measured by 
DEXA at 48 weeks, and −2.92% at 24 months 
[23, 24]. A number of studies have shown that 
bone loss is similar in men and women (both 
postmenopausal and premenopausal women). 
Fractures are more likely to occur in those with 
the lowest baseline bone mass, thus most studies 
demonstrate highest fracture rates in postmeno-
pausal women. Inhaled glucocorticoids can 
reduce bone mass in subjects that take the medi-
cations continuously; however, careful studies 
have not been performed.

 Glucocorticoid Effects on Fracture 
Risk

Glucocorticoid use increases the risk of both ver-
tebral and nonvertebral fractures. In a study using 
an administrative claims database in the United 
States, Steinbuch compared fracture risk in glu-
cocorticoid users to age and sex-matched con-
trols [25]. The adjusted relative risk (RR) among 
users of glucocorticoids compared to controls 
was 2.92 for vertebral, 1.68 for nonvertebral, 
1.87 for hip, and 1.75 for any fracture. The com-
bined effect of higher dose, longer duration, and 
continuous pattern of glucocorticoid use further 
increased RR estimates to seven-fold for hip and 
17-fold for vertebral fractures.

Kanis et  al. [26] studied the relationship 
between use of glucocorticoids and fracture risk 
in a meta-analysis of data from seven cohort 
studies of 42,000 men and women. Both current 
and past use of glucocorticoids was an impor-
tant predictor of fracture risk that was indepen-
dent of prior fracture and BMD. No significant 
difference in risk was seen between men and 
women. For osteoporotic fracture, the range of 
relative risk was 2.63–1.71 and for hip fracture 
4.42–2.48.

The largest study examining the relationship 
between oral glucocorticoid use and fractures 
was the United Kingdom General Practice 
Database (GPRD) study reported by van Staa 
et al. [27]. This study compared the relative rates 
of fracture in 244,235 patients receiving oral glu-
cocorticoids to age and sex-matched controls. An 
average daily dose of prednisolone of 5 mg/day 
significantly increased the risk of spine and hip 
fractures. The most important risk factor for 
fracture in GIOP is the daily, rather than the 
cumulative, dose of oral glucocorticoids. The 
risk of nonvertebral fracture increases exponen-
tially for daily doses over 20 mg prednisolone/
day [28]. Fracture risk rises within 3 months of 
starting glucocorticoids and falls after discon-
tinuation within 1  year of stopping therapy. 
However, this increased risk does not fall back to 
baseline [27], so that even prior users of gluco-
corticoids have an increased fracture risk irre-
spective of BMD [26].

Several epidemiological studies have reported 
increased risk of lower BMD and fracture in 
patients using inhaled glucocorticoids [29, 30]. 
Whether this is due to the glucocorticoids them-
selves or the underlying disease is controversial. 
A large cohort study performed by van Staa et al. 
[30] using the (GPRD) suggests that users of 
other respiratory medications other than inhaled 
glucocorticoids also have an increased risk of 
fracture suggesting that the excess risk appears to 
be related to the underlying respiratory disease 
rather than to inhaled glucocorticoid. In a nested 
case-control study using the Quebec healthcare 
database, there was no increase in fracture rates 
among patients receiving three or more respira-
tory medications, one of which was inhaled glu-
cocorticoids. However, there was a slight increase 
in risk if the dose was ≥1000 μg of inhaled glu-
cocorticoids for >4  years [31]. A similar study 
found conflicting results when comparing frac-
ture risk in Tawainese COPD and asthma patients 
in the National Health Insurance program. The 
investigators evaluated subjects that were pre-
scribed no inhaled glucocorticoids, low dose 
(100–250  μg/day), medium dose (250–500 μg/
day), or high dose (500 > μg/day). Fracture risk 
was significantly increased in the medium and 
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high dose of inhaled glucocorticoids groups 
compared to the no inhaled glucocorticoids 
groups [32].

Other concomitant factors that may be associ-
ated with bone loss and fractures may include the 
underlying disease state for which glucocorti-
coids are given, individual differences in sensitiv-
ity to glucocorticoids, and the age and hormonal 
status of the patient. Although men and women 
are both susceptible to GIOP, the highest fracture 
rates are seen in postmenopausal women.

 Trabecular Bone Score

Trabecular bone score (TBS) is a recent analysis 
technique that can be obtained from DEXA scans 
that estimates 3D components of bone microar-
chitecture including trabecular number, trabecu-
lar separation, and connectivity density. TBS 
may be a useful tool in the assessment of fracture 
risk with GIOP. Cross-sectional and retrospective 
studies of patients receiving oral glucocorticoid 
therapy, and patients with glucocorticoid releas-
ing adrenal tumors, showed an association 
between TBS and daily glucocorticoid dose and 
TBS and 40 month fracture risk [33, 34]. In addi-
tion, analysis of women with recent fracture or 
glucocorticoid use reported lower TBS compared 
to control subjects, and low TBS was correlated 
with recent fractures or glucocorticoid use [35]. 
In addition, Colson reported that compared to 
control subjects, TBS was lower and BMD of the 
lumbar spine was not different, in subjects treated 
with glucocorticoids suggesting that TBS may be 
a more sensitive measurement of bone health and 
fracture risk [36]. Additional studies are needed 
to confirm this observation.

 BMD Threshold for Fractures 
in Glucocorticoid-Induced 
Osteoporosis
The World Health Organization (WHO) criteria 
for the densitometric diagnosis of osteoporosis 
(T-score < −2.5) were developed in 1994 based 
on the relationship of the prevalence of fractures 
in postmenopausal Caucasian females to the 
prevalence of T-scores below a certain level in 

the same population [37]. The same type of large 
epidemiological study does not exist for 
glucocorticoid- treated patients.

To answer the question of whether or not frac-
ture rates occur at a higher bone density or 
T-score in patients on glucocorticoids, than in 
postmenopausal women van Staa et al. [38] ana-
lyzed the relationship between BMD and verte-
bral fracture in postmenopausal women taking 
glucocorticoids. He compared the incidence of 
fracture in the placebo groups from the risedro-
nate prevention [39] and treatment [40] of osteo-
porosis  trials to the 1-year fracture risk of 
postmenopausal women not taking glucocorti-
coids in three other trials. In the BMD threshold 
analysis, even though the women taking gluco-
corticoids were younger (64.7 versus 74.1 years 
old), they had higher mean lumbar T-score (−1.8 
vs. –2.6), femoral neck T-score (−1.9 vs. –2.6), 
and less prevalent fractures (42.9 vs. 58.3%) than 
the nonglucocorticoid users, the risk of incident 
fractures was higher in the GC users than the 
non-GC users[adjusted RR 5.7 (CI 2.57–12.54)]. 
Thus, fracture incidence was markedly higher in 
the glucocorticoid users at any given level of 
BMD.

 Diagnosis of GIOP

The fracture risk assessment tool (FRAX) cre-
ated by WHO in 2008 estimates the 10-year 
probability of osteoporotic fractures based on the 
presence of various clinical risk factors, often 
including femoral neck BMD. Guidelines have 
been published to help physicians accurately 
apply FRAX to patients with glucocorticoid 
therapy. It is an accurate tool for assessing risk 
when the glucocorticoid dose is between 2.5 
and 7.5 mg per day, but may overestimate risk 
for lower doses and underestimate risk for 
higher doses. A few shortcomings of FRAX 
include inability to predict risk with intermittent 
glucocorticoid therapy and inhaled glucocorti-
coid use. Glucocorticoid therapy information that 
is not included in FRAX are past glucocorticoid 
use, short-term glucocorticoid use, and adrenal 
failure glucocorticoid replacement therapy [41]. 
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Additional studies showed that FRAX closely 
predicted fracture risk for glucocorticoid patients 
regardless of BMD inclusion or gender, but older 
age decreased FRAX reliability. This observa-
tion likely stems from the increased risk of 
death in patients prescribed glucocorticoids. 
Overall, FRAX is most accurate for middle 
doses on glucocorticoids, and less so for high or 
low dose [42].

 Treatment Recommendations

 Nonpharmacologic Interventions
The use of systemic glucocorticoids should be 
minimized whenever possible. Nonpharmacologic 
interventions such as smoking, alcohol cessation 
and fall risk assessment should be offered to all 
patients. Exercise to improve lower extremity 
strength and balance is particularly important in 
glucocorticoid-treated patients where myopathy 
and an increased risk of falls are common. 
Calcium and vitamin D should be considered 
necessary but not sufficient for patients receiving 
chronic glucocorticoids, as they do not reduce 
fracture risk equal to the degree compared with 
bisphosphonates. Recommended calcium doses 
are at least 800–1200 mg/day. Vitamin D should 
be administered in doses from 600 to 800  IU 
daily.

A 2-year trial of 65 rheumatoid arthritis 
patients treated chronically with low-dose pred-
nisone (approximately 5 mg/day) randomized to 
1000  mg of calcium carbonate and 500  IU of 
ergocalciferol versus placebo demonstrated that 
those given the daily supplements gained 0.7% 
and 0.9% annually in lumbar spine and greater 
trochanter bone mineral density (BMD) com-
pared to losses of −2.0 and −0.9% at these sites 
in the placebo group [43]. A meta-analysis on the 
effectiveness of treatments for GIOP concluded 
that calcium plus vitamin D was more effective 
than no treatment or calcium alone at the lumbar 
spine [44]. A recent meta-analysis of active vita-
min D3 analogues in GIOP found that they pre-
serve bone density more effectively than no 
treatment, plain vitamin D3, and/or calcium [45]. 
Bisphosphonates, however, were found to be 

more effective in preserving bone and decreasing 
the risk of vertebral fractures than active vitamin 
D3 analogues.

 Bisphosphonates

Bisphosphonates are currently the preferred 
treatment for GIOP. Most trials have examined 
their efficacy on BMD as the primary endpoint; 
however, post hoc analyses consistently sup-
port an effect on fracture reduction (mainly in 
the group at highest risk, postmenopausal 
women). In the United States, risedronate 
(5 mg/day) is approved by the Food and Drug 
Administration (FDA) for the prevention and/
or treatment of GIOP and alendronate (5 mg/
day for males and premenopausal females and 
10  mg/day for postmenopausal females not 
receiving estrogen therapy) is approved for 
treatment. Although commonly utilized in clin-
ical practice, neither weekly alendronate nor 
risedronate have been approved for GIOP. The 
package labeling for risedronate does state that 
35  mg once weekly “may be considered” for 
prevention of GIOP.

In studies of patients receiving glucocorti-
coids, oral bisphosphonates that include daily 
alendronate, daily risedronate, cyclic etidronate, 
have demonstrated significant increases in BMD 
at both the hip and spine and reductions in verte-
bral fracture risk (all compared to calcium and 
vitamin D alone). In the alendronate GIOP trial 
reported by Saag, there were too few patients 
with new vertebral fractures after 1 year, so the 
fracture reduction was not significant [24]. After 
2 years, a significant reduction of 89% in verte-
bral fractures was demonstrated with alendro-
nate compared to placebo [23]. A pooling of the 
risedronate prevention and treatment studies 
also demonstrated a significant 70% reduction 
in vertebral fractures after 1 year compared to 
calcium and vitamin D alone [46]. Cyclic eti-
dronate was demonstrated to reduce the risk of 
new vertebral fractures by 85% over 1 year com-
pared to placebo [47].

A meta-regression analysis [48] comparing 
the efficacy of therapies used for the treatment of 
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glucocorticoid-induced osteoporosis determined 
that bisphosphonates were the most effective 
class of drugs to preserve vertebral BMD, with an 
effect size of 1.03 (95% CI, 0.85–1.17) compared 
to vitamin D (0.46, CI 95%, 0.27–0.62), or calci-
tonin (0.51, CI 95%, 0.33–0.67) therapy. When 
combined with vitamin D, the effect size of 
bisphosphonates further increased to 1.31 
(1.07–1.50).

In patients for whom a contraindication to oral 
bisphosphonates exists, the parenteral bisphos-
phonates zoledronic acid and pamidronate could 
be considered. Compared to risedronate, a sin-
gle infusion of 5 mg zoledronic acid increased 
BMD and reduced markers of bone resorption 
for up to 12 months [49]. In a primary preven-
tion study of 32 patients initiating prednisone 
≥10  mg/day, patients were randomized to 
receive either an intravenous infusions of 90 mg 
pamidronate at baseline or an infusion of 90 mg 
at baseline followed by 30  mg pamidronate 
given every 3 months for 1 year or placebo infu-
sions (all groups received calcium carbonate 
800 mg/day). BMD changes at the lumbar spine 
were + 1.7, +2.3, and −4.6% and at the total hip 
were + 1.0, +2.6, and −2.2% for the three respec-
tive groups. The differences between the placebo 
and both pamidronate groups were statistically 
significant [50].

Intravenous ibandronate has been studied for 
glucocorticoid-induced osteoporosis. A total of 
115 patients receiving long-term glucocorti-
coids (average daily dose 10  mg prednisone) 
were randomized to receive either 500  mg of 
calcium and 1 μg of alfacalcidiol daily or cal-
cium and infusions of 2  mg intravenous iban-
dronate every 3 months [51]. At 3 years, BMD 
was increased 13.3% at the lumbar spine and 
5.2% at the femoral neck in the ibandronate 
group compared to alfacalcidiol group (2.6 and 
1.9%, respectively). Although not specifically 
powered to detect a reduction in fracture risk, 
the incidence of new vertebral fractures in the 
alfacalcidiol group (22.8%) was statistically 
greater than in the ibandronate group (8.6%) a 
62% relative risk reduction (p  =  0.043). 
Intravenous ibandronate is not currently 
approved nor marketed.

 Parathyroid Hormone (PTH)

Parathyroid hormone (hPTH 1–34), when admin-
istered by daily subcutaneous injection, results in 
a rapid increase in bone mass, especially in skel-
etal areas high in trabecular bone [52]. A 
12-month trial of females with low bone mass 
(T-score ≤ −2.5) who were on long-term estro-
gen and glucocorticoids (mean 8.5 mg of predni-
sone daily for an average of 13  years) was 
performed to compare the additive effects of sub-
cutaneous daily human parathyroid hormone 
(1–34) with placebo [53]. Both groups received 
1500 mg calcium and 800 IU vitamin D per day. 
BMD at the lumbar spine was significantly 
greater in the combination of PTH and estrogen 
group (11% increase by dual-energy X-ray 
absorptiometry and 33% by quantitative CT 
scan) compared to the estrogen-alone group at 
12  months). Increases in femoral neck BMD 
were significant in the combination group at 
24 months. The effect on BMD was sustained for 
1 year following the discontinuation of PTH and 
the continuation of estrogen [54].

In an 18-month long, randomized controlled 
trial involving 214 women receiving 20  μg of 
teriparatide and 214 women receiving 10  mg 
alendronate all of whom received at least 3 
months of glucocorticoid therapy before enroll-
ing in the study, women receiving teriparatide 
showed significantly higher BMD measured at 
lumbar spine and total hip at 6, 12, and 18 month 
follow-ups. These women also had lower rates of 
vertebral fractures, but no difference in overall 
fractures rates [55].

At the 36  month follow-up on the same 
cohort, BMD remained significantly increased 
in the teriparatide group compared to the alen-
dronate group measured at lumbar spine, total 
hip, and femoral neck; bone markers remained 
significantly increased compared to baseline in 
the teriparatide group; and vertebral fractures 
were significantly lower in the teriparatide 
group with no change in overall fracture rate 
[56]. Subjects with very low lumbar spine 
BMDs, less than −3.0 or with prevalent verte-
bral fractures may benefit from initial treatment 
with teriparatide.
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However, there are a few contraindications to 
teriparatide use. These include children or young 
adults with open epiphyses, patients with Paget’s 
disease, patients with a history of radiation to the 
skeleton or history of sarcoma. An additional 
limitation is that treatment with teriparatide is 
limited to 2 years.

 Other Therapies

Other pharmacologic options for the prevention 
of bone loss include nasal spray calcitonin and 
estrogen hormone therapy or selective estrogen 
receptor modulators (SERMs) in women and 
testosterone in men. Studies of calcitonin in 
GIOP are limited with conflicting data on its 
ability to prevent bone loss [57] and no studies 
demonstrating fracture risk reduction. No stud-
ies currently exist examining the role of SERMS 
in GIOP.  A few small studies of estrogen hor-
mone therapy in GIOP have been performed. In 
one trial of postmenopausal women receiving 
prednisone for rheumatoid arthritis, those ran-
domized to estrogen hormone therapy had a sig-
nificant (3.4%) increase in their lumbar spine 
BMD compared with controls. There was no sig-
nificant change in femoral neck BMD in either 
group [58]. Similar small studies of testosterone 
replacement in GIOP have been performed [59], 
demonstrating increases in BMD of 5% at 1 year 
in hypogonadal asthmatic men treated with tes-
tosterone compared to controls. Increases in lean 
body mass (reflecting muscle mass) were also 
demonstrated in the testosterone treated men.

Due to the increased risks of breast cancer and 
cardiovascular disease associated with estrogen 
hormone therapy [60], recommendations for its 
use as a primary treatment for osteoporosis can-
not be made. Similar arguments could be made 
for testosterone replacement where the long-term 
adverse effects are unknown [61]. These thera-
pies are most likely to be appropriate in the 
patient on glucocorticoids where deficiencies of 
these hormones lead to vasomotor symptoms, 
loss of libido, etc., and where specific replace-
ment could enhance the patient’s quality of life 
for reasons other than osteoporosis.

Most recently, denosumab, a monoclonal anti-
body against RANKL, was shown be a viable 
treatment option for both the prevention and 
treatment of glucocorticoid-induced bone loss. A 
multicenter, randomized, double-blind study 
comparing the effect of denosumab and 
risedronate on lumbar BMD for patients 
continuing or initiating glucocorticoid treatment 
reported denosumab was noninferior and superior 
to risedronate. The percent change in lumbar 
BMD was significantly greater for patients treated 
with 60  mg of subcutaneous denosumab every 
6 months for 24 months compared with 5 mg of 
oral risedronate daily. In addition, markers for 
bone turnover, CTX and P1NP, were significantly 
lower at 6 and 12 months after treatment in the 
group receiving denosumab compared to the 
risedronate treated group. However, there was no 
difference in osteoporotic fracture rate between 
the treatment groups [62]. These results were 
supported by another randomized, double-blind 
study evaluating the effects of denosumab on 
BMD in RA patients [63].

 Guidelines for the Prevention 
and Treatment of GIOP

Based in part on the knowledge that the most 
rapid loss of bone density is observed upon initiat-
ing glucocorticoid therapy, preventive actions are 
recommended by the numerous professional 
organizations in which the membership treat the 
osteoporosis induced by glucocorticoids. Due to 
the high variability in risk based on age and base-
line BMD, and the limited data for younger 
patients, the American College of Rheumatology 
recommendations for prevention and treatment 
vary in accordance with these factors. The one 
recommendation that is equal across all groups 
receiving oral prednisone or another glucocorti-
coid equivalent of ≥2.5 mg/day for ≥3 months is 
calcium and vitamin D supplementation and life-
style modification. This is the only preventative 
treatment for patients of all age groups with low 
fracture risk. However, for all other groups a com-
bination of supplementation and lifestyle modifi-
cation with additional pharmacotherapy is 
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recommended. Individuals in any age group with 
moderate-to-high risk of fracture should be treated 
with oral bisphosphonates (Table 21.1). Variations 
to this regimen include intravenous bisphospho-
nates for individuals with low compliance, teripa-
ratide in those with contraindications to 
bisphosphonates, or denosumab if both teripara-
tide and all forms of bisphosphonates are contra-
indicated. An additional option is raloxifene, but 
this is limited to postmenopausal women.

BMD testing should be obtained as soon as 
possible for patients ≥40 years old receiving glu-
cocorticoid therapy. BMD should be reassessed 
every 2–3 years if they are treated for GIOP. For 
patients less than 40 years old, BMD testing is 
only needed if the patient is at high risk for frac-
tures. BMD does not need to be reassessed for 
this age group, unless patients are at moderate-to- 
high risk of fracture risk. However, for all 
patients, a fracture risk assessment should be 
done when initiating treatment and every 
12 months during treatment [64].

The UK National Osteoporosis Guidelines 
Group, the International Osteoporosis Foundation, 
the European Calcified Tissue Society, and the 

Scottish Intercollegiate Guidelines Network’s 
published frameworks are very similar to the ACR 
recommendations with minor exceptions. These 
groups include zolendronic acid as second-line 
therapy and reserve teriparatide for patients with 
high risk of vertebral fractures or specific recom-
mendations. Data are sparse for premenopausal 
women and men under the age of 50, so all guide-
lines are flexible, with pharmacotherapy recom-
mended when patients have previous fractures or 
are receiving high doses of glucocorticoids.

None of these guidelines specifically address 
patients using inhaled glucocorticoids, however, 
based on the data that patients with chronic lung 
disease receiving either glucocorticoid or non-
glucocorticoid inhalers are at increased risk of 
fracture [29, 30], measurement of BMD in these 
patients would seem appropriate with treatment 
determined by their overall risk factor profile and 
dose of inhaled glucocorticoids.

Although markers of bone formation and 
resorption predict fracture risk in chronic gluco-
corticoid users [65], their clinical utility in GIOP 
remains investigational.

Table 21.2 provides the author’s recom-
mended approach to patients on or beginning glu-
cocorticoid therapy.Table 21.1 Fracture risk categories

Adults ≥40 years  
of age

Adults <40 years  
of age

High 
fracture 
risk

History of 
osteoporotic fracture
T score ≤ −2.5 in 
postmenopausal 
women and men
GC-adjusted FRAX 
10 year risk of major 
osteoporotic fracture 
of ≥ 20% and risk of 
hip fracture ≥ 3%

History of 
osteoporotic 
fracture

Moderate 
fracture 
risk

GC-adjusted FRAX 
10 year risk of major 
osteoporotic fracture 
of 10–19% and risk 
of hip fracture > 1% 
and < 3%

Z score < −3 or 
bone loss of ≥ 10% 
over 1 year with 
continuing GC 
treatment 
of ≥ 7.5 mg/day 
for ≥ 6 months

Low 
fracture 
risk

GC-adjusted FRAX 
10 year risk of major 
osteoporotic fracture 
of < 10% and risk of 
hip fracture ≤ 1%

No risk factors

Based on data from Ref. [64]

Table 21.2 Recommendations for the prevention and 
treatment of GIOP

Minimize dose of systemic glucocorticoids whenever 
possible
Nonpharmacologic interventions, such as smoking and 
alcohol cessation, minimization of alcohol intake, fall 
avoidance strategies, and balance/lower extremity 
strengthening exercises should be recommended
A daily intake of calcium (1200–1500 mg/day) and 
serum vitamin D (600–800 IU/day) should be given
Initiate bisphosphonate therapy [risedronate (5 mg/day) 
or alendronate (5 mg/day in men and premenopausal 
women or 10 mg/day in postmenopausal women not on 
estrogen therapy)] in moderate to high risk patients
Consider teriparatide, intravenous bisphosphonates, 
denosumab, zoledronic acid, or raloxifene if patients 
have contraindications to, do not tolerate or fail oral 
bisphosphonate therapy
Monitor clinical fracture risk every 12 months with 
initial evaluation within 6 months of GC therapy, 
including FRAX if ≥40 years old
Monitor BMD every 2–3 years if ≥40 years old or 
younger with risk factors
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 Conclusions

Considerable advances have been made over the 
past 10 years in the recognition and treatment of 
GIOP. Antiresorptive therapies for the prevention 
and treatment of GIOP have advanced such that 
patients can decide between daily, weekly, 
monthly, twice a year, or each year dosing. In 
addition, the anabolic agent teriparatide can both 
increase bone mass and prevent fractures in GIOP 
subjects. However, despite the knowledge of the 
fracture risk associated with glucocorticoids, the 
availability of effective prophylaxis, and treat-
ment and published guidelines, measurement of 
bone density and institution of medications to 
prevent bone loss are suboptimal, including 
among specialty physicians [66, 67]. Continued 
education, dissemination of guidelines, and other 
innovative approaches will be necessary to make 
a more substantial impact on this disorder.
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 Introduction

The introduction of cyclosporine to transplanta-
tion immunology in the early 1980s resulted in 
marked improvement in short-term graft and 
patient survival and ushered in a new era for 
patients with end-stage renal, hepatic, cardiac, 
pulmonary, and hematopoietic disease. The addi-
tion of cyclosporine, and later tacrolimus, to 
post-transplantation immunosuppression regi-
mens permitted the use of lower doses of gluco-
corticoids (GCs). Therefore, it was initially 
expected that glucocorticoid-induced osteoporo-
sis would be less of a problem in the cyclosporine 
era. During the past two decades, however, it has 
become clear that, despite reduced GC exposure, 
organ transplant recipients continue to experi-
ence rapid bone loss and fragility fractures [1–4]. 
Moreover, transplantation-related bone loss and 
fractures may become increasingly prevalent as 
more patients are undergoing transplantation 
each year and survival continues to improve [5]. 
The epidemiology, natural history, and pathogen-
esis of bone loss and fracture after various types 
of organ transplantation will be reviewed. 
Recommendations for prevention of the acute 
phase of bone loss after organ transplantation, 
and treatment of established osteoporosis in 
organ transplantation candidates and recipients 
will be summarized.
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Key Points
• Osteoporosis is prevalent among organ 

transplant candidates. Patients awaiting 
transplant should be assessed, and treat-
ment initiated if they have osteoporosis.

• Rapid bone loss and fractures com-
monly occur in the first year after trans-
plant, though rates of bones loss have 
declined in recent years.

• Bisphosphonates are the most well-
studied and consistently effective agents 
for prevention of bone loss in organ 
transplant recipients.

• Primary prevention therapy should be 
initiated immediately after 
transplantation.

• Long-term transplant recipients should 
be screened and treated for osteoporosis.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-69287-6_22&domain=pdf
mailto:steine@hss.edu


420

 Skeletal Effects 
of Immunosuppressive Drugs

 The Bone-Remodeling System

Transplantation osteoporosis, as with most adult 
metabolic bone diseases, is the result of altera-
tions in the bone remodeling system, an orderly 
progression of events by which bone cells remove 
old bone tissue and replace it with new. Thus, it is 
helpful to review the orderly sequence of events 
that constitutes normal bone remodeling in order 
to understand the pathogenesis of transplantation 
osteoporosis. The two main processes by which 
remodeling occurs are known as resorption [6] 
and formation [7]. Conceptually, these processes 
are somewhat akin to the repair of cracks and pot-
holes that develop in surfaces of highways. 
Remodeling occurs on the surfaces of both 
 cancellous and cortical bone. The first step is 
activation of macrophage precursors to form 
osteoclasts, giant multinucleated cells that exca-
vate or resorb a cavity on the bone surface. 
Osteoclasts express receptors for receptor activa-
tor of NFκB ligand (RANKL) produced by osteo-
blasts, calcitonin, prostaglandins, calcium, and 
vitronectin (integrin α1β3). In general, approxi-
mately 0.05 mm [3] of bone tissue is resorbed by 
each osteoclast, leaving small resorption pits on 
the bone surface called Howship’s lacunae. This 
process takes approximately 2–3 weeks. After a 
brief rest period known as the reversal phase, 
local mesenchymal bone marrow stem cells dif-
ferentiate into osteoblasts that are attracted to the 
empty resorption pits. There they accumulate as 
clusters of plump cuboidal cells along the bone 
surface. Osteoblasts have two major functions. 
They produce the proteins, both collagenous and 
non- collagenous, that constitute the matrix of the 
newly formed bone. Osteoblasts are also respon-
sible for mineralization of the matrix or osteoid, 
a process that takes place approximately 10 days 
after the osteoid was synthesized. Osteoblasts 
express receptors for parathyroid hormone, estro-
gens, vitamin D3, cell adhesion molecules (integ-
rins) and several cytokines. The complete 
remodeling cycle at each remodeling site requires 
approximately 3–6 months. This process serves 

to replace old, micro-damaged bone with new 
and ultimately mechanically stronger bone. 
RANKL, RANK, and osteoprotogerin (OPG) are 
three members of the tumor necrosis factor (TNF) 
ligand and receptor-signaling family that are final 
effectors of bone resorption [8, 9]. RANKL is 
expressed in osteoblasts and bone marrow stro-
mal cells. When sufficient concentrations of mac-
rophage colony stimulating factor (mCSF) are 
present, binding of RANKL to RANK, which is 
expressed on surfaces of osteoclast lineage cells, 
through cell-to-cell contact, results in rapid dif-
ferentiation of osteoclast precursors in bone mar-
row to mature osteoclasts, increased osteoclast 
activity, and reduced apoptosis of mature osteo-
clasts. RANKL is neutralized by binding to OPG, 
another member of the TNF-receptor superfam-
ily secreted by cells of the osteoblast lineage. 
Competitive binding of RANKL to either RANK 
or OPG regulates bone remodeling by increasing 
(RANK) or decreasing (OPG) osteoclastogene-
sis. Immunosuppressants exert their effects on 
bone remodeling by interacting with the RANK/
RANKL/OPG system [10].

In normal adults, bone remodeling results in 
no net change in bone mass. Bone loss develops 
in any situation in which bone remodeling 
becomes “uncoupled,” such that the rate of 
resorption exceeds the rate of formation. This 
most often occurs when the rate of resorption is 
so elevated that it is beyond the capacity of the 
osteoblasts to restore the original amount of bone 
volume. However, bone loss may also develop in 
the setting of depressed bone formation, such that 
even normal amounts of resorbed bone cannot be 
replaced. It is very likely that transplantation- 
related bone loss results from both a primary 
decrease in the rate of bone formation and a pri-
mary increase in the rate of resorption [1, 11].

 Glucocorticoids

Glucocorticoids (GCs), an integral component of 
most transplant immunosuppression regimens, 
are notorious for causing osteoporosis. 
Prednisone or methylprednisolone may be pre-
scribed in high doses (50–100 mg of prednisone 
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or its equivalent daily) immediately after trans-
plantation and during episodes of severe rejec-
tion, with gradual reduction over weeks to 
months. Total exposure varies with the organ 
transplanted, the number and management of 
rejection episodes, and the practice of individual 
transplantation programs.

GCs cause bone loss and fractures by mecha-
nisms summarized in Table  22.1 and several 
recent reviews [12–14] and as detailed in Chap. 
21. The main effect is an immediate and profound 
inhibition of bone formation by decreasing osteo-
blast recruitment and differentiation, synthesis of 
type I collagen, and induction of apoptosis of 
osteoblasts and osteocytes both in  vitro and 
in vivo [15].

GCs also increase bone resorption, through 
both direct effects on osteoclasts and indirect 
effects. GCs indirectly increase resorption by 
impairing calcium transport across cell mem-
branes, causing reduced intestinal calcium 

absorption, increased urinary calcium losses 
and negative calcium balance. Secondary hyper-
parathyroidism may result, although it is 
unlikely that it plays a major role in the patho-
genesis of associated bone loss when GCs are 
administered in the absence of calcineurin 
inhibitors [16]. GCs also cause hypogonadotro-
phic hypogonadism and reduced secretion of 
adrenal androgens and estrogens, which may 
also be associated with increases in bone 
resorption.

Patients taking GCs generally sustain signifi-
cant bone loss [13, 14]. Bone loss occurs in all 
races, at all ages, and in both genders. However, 
postmenopausal women are at greater risk for 
fracture than men or premenopausal women, 
because glucocorticoid-related bone loss is 
superimposed upon that already sustained 
because of aging and estrogen deficiency. In gen-
eral, bone loss is most rapid during the first 
12  months and is directly related to dose and 
duration of therapy. Areas of the skeleton rich in 
cancellous bone (ribs, vertebrae, and distal ends 
of long bones) and the cortical rim of the verte-
bral body are most severely affected and also 
fracture most frequently.

In recent years, there has been a trend toward 
more rapid lowering of glucocorticoid doses after 
transplantation or rejection episodes, and an 
increase in the use of alternative drugs to treat 
rejection [17–20]. In more recently transplanted 
patients who have received lower doses of ste-
roids, significant bone loss persists although it 
may be less rapid than previously documented 
[21–24]. Moreover, it should be noted that even 
rather small doses of GCs are associated with 
increased fracture risk. A large retrospective gen-
eral practice database study found that doses of 
prednisolone as low as 2.5 mg daily were associ-
ated with a significant 55% increase in the rela-
tive risk of spine fractures; doses between 2.5 and 
7.5  mg daily were associated with a 2.6-fold 
increase in the risk of spine fracture and a 77% 
increase in the risk of hip fracture [25]. Thus, 
even in those programs that have embraced the 
use of lower doses of GCs, there is likely still suf-
ficient exposure in the initial year to cause sig-
nificant bone loss.

Table 22.1 Glucocorticoid actions that contribute to 
bone loss

Inhibit bone formation – most important effects that 
result in a 30% reduction in amount of bone 
replaced in each remodeling cycle
Reduce osteoblast numbers
  Decrease osteoblast replication and differentiation
Shorten osteoblast lifespan
  Increase apoptosis of osteoblasts and osteocytes
Inhibit osteoblast function
  Reduce synthesis of type I collagen
  Decrease synthesis of bone matrix proteins and 

osteocalcin
Decrease synthesis of IGF-I and inhibit IGF-II receptor 
expression in osteoblasts – local anabolic regulators 
that increase Type 1 collagen synthesis
Stimulate bone resorption – effects on resorption 
are minor and limited to first 6–12 months
Directly increase osteoclast activity
  Decrease osteoblast expression of osteoprotegerin 

(OPG)
  Increase osteoblast expression of RANKL
  Increase osteoclast maturation and decrease 

apoptosis
Indirectly increase resorption
  Decrease production of gonadal hormones
  Decrease intestinal calcium absorption
  Increase urinary calcium excretion
  Increase secretion of parathyroid hormone
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 Cyclosporines

Cyclosporine (CsA) is a small fungal cyclic pep-
tide. Its activity depends upon the formation of a 
heterodimer consisting of cyclosporine and its 
cycloplasmic receptor, cyclophilin. This cyclo-
sporine–cyclophilin heterodimer then binds to 
calcineurin [26]. CsA, and similarly tacrolimus, 
inhibits the phosphatase activity of calcineurin 
through interaction with distinct domains on the 
calcineurin subunit [27]. Calcineurin may regu-
late both osteoblast [28] and osteoclast differen-
tiation [29]. Although the gene for calcineurin, 
which is integral to the immunosuppressive 
action of CsA, has been identified in osteoclasts 
and extracted whole rat bone, it does not appear 
to be altered by CsA administration [30].

Animal studies suggest that CsA has effects 
on bone and mineral metabolism that may con-
tribute to bone loss after organ transplantation 
(Table  22.2) [11, 31]. When administered to 
rodents in doses higher than those currently used 
to prevent allograft rejection, CsA causes rapid 
and severe cancellous bone loss [32, 33], charac-
terized histologically by a marked increase in 
bone resorption. In contrast to the effects of GCs, 
bone formation is increased in CsA-treated ani-
mals, although insufficiently to compensate for 
the increase in resorption. The stimulatory effects 
of CsA on osteoclast formation are likely medi-
ated via T lymphocytes [34–36]. CsA also 
increases gene expression of osteocalcin and of 
bone-resorbing cytokines, such as IL-1 and IL-6 
[37]. Parathyroid hormone (PTH) may facilitate 
CsA-induced bone loss [38]. Drugs that inhibit 
bone resorption, including estrogen, raloxifene, 

calcitonin, and alendronate, prevent or attenuate 
CsA-induced bone loss in the rat [39–42]. 
Similarly, 1,25 dihydroxyvitamin D and prosta-
glandin E2 also prevent bone loss in CsA-treated 
rats [43, 44]. In contrast, testosterone does not 
ameliorate CsA-induced bone loss [45].

Studies examining the effects of CsA on the 
human skeleton have yielded conflicting results. 
Several have shown that kidney transplant patients 
receiving cyclosporine in a steroid-free regimen 
did not lose bone [46–48]. In contrast, a small 
study of kidney transplant recipients detected no 
difference in bone loss between those who received 
CsA monotherapy and those who received azathi-
oprine and prednisolone [49], and a prospective 
study found that cumulative CsA dose was associ-
ated with bone loss in the 2 years following trans-
plant, independent of the effect of steroids [50].

 Tacrolimus (FK506)

FK506 is a macrolide that binds to an immu-
nophilin FK binding protein and blocks T-cell 
activation in a manner similar to CsA. FK506 has 
been shown to cause bone loss in the rat model 
comparable to that observed with CsA [51], and 
accompanied by similar biochemical and histo-
morphometric alterations (Table  22.2). In 
humans, rapid bone loss has been documented 
after both cardiac [52] and liver transplantation 
[53], when FK506 is used for immunosuppres-
sion. However, other studies suggest that FK506 
may cause less bone loss than CsA in humans 
[54, 55], likely because lower doses of GCs are 
required for immunosuppression. It remains 
unclear whether FK506 confers any benefit over 
cyclosporine with regard to fracture incidence.

 Sirolimus (Rapamycin)

Rapamycin is a macrocyclic lactone. Although it 
is structurally similar to FK506 and binds to the 
same binding protein, the mechanism by which 
rapamycin induces immunosuppression is dis-
tinct from both FK506 and CsA. When combined 
with low-dose CsA, rapamycin was bone sparing 

Table 22.2 Skeletal effects of cyclosporine (and 
tacrolimus)a

Increase expression of bone resorbing cytokines
Increase expression of osteocalcin
Increase bone resorption
Increase bone formation
Cause rapid, severe cancellous bone loss
Effects mediated by T lymphocytes
PTH may have permissive effect
Bone loss prevented by antiresorptive agents, 1,25 
dihydroxyvitamin D

aThese effects are based primarily on animal studies
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in rat studies [56]. In a recent open label study, 
markers of bone turnover (N-telopeptide and 
osteocalcin) were lower in kidney transplant 
recipients who received sirolimus rather than 
CsA; unfortunately, BMD was not measured, so 
it remains unclear whether this translated into 
lower rates of bone loss [57]. However, combin-
ing immunosuppressive agents in lower doses 
may provide hope for achieving adequate immu-
nosuppression while protecting the skeleton.

 Azathioprine, Mycophenolate 
Mofetil, and Other Drugs

Short-term administration of azathioprine is asso-
ciated with decreases in serum osteocalcin but 
does not cause bone loss in the rat model [58]. No 
adverse effects of azathioprine administration 
alone on bone mass have been reported in human 
subjects. In the past, azathioprine was frequently 
used in combination with prednisone and CsA or 
FK506 to prevent organ rejection. However, it has 
largely been supplanted by mycophenolate 
mofetil, which does not have deleterious effects 
on bone in the rat [59]. The skeletal effects of 
other immunosuppressant agents are unclear.

 Effect of Transplantation on Bone 
and Mineral Metabolism

 Bone Loss Before Transplantation

In many cases, individuals with chronic diseases 
severe enough to warrant organ transplantation 
have already sustained considerable bone loss 
[60–62] (Table 22.3). The majority of candidates 
for organ transplantation have one or more 
accepted risk factors for osteoporosis, including 
debilitation, loss of mobility and physical inactiv-
ity, poor nutrition and cachexia. They are com-
monly exposed to drugs known to cause bone loss, 
such as GCs, heparin, loop diuretics, excessive 
doses of thyroid hormone, and anticonvulsants. 
Postmenopausal women are estrogen deficient, as 
are many chronically ill premenopausal women. 
Similarly, men with chronic illness often have 

hypogonadotrophic hypogonadism [63]. When the 
disease is present during childhood or adoles-
cence, as is the case with cystic fibrosis or con-
genital heart disease, peak bone mass, which is 
attained during adolescence, may be low. 
Therefore, in caring for organ transplant candi-
dates, it is essential to consider the possibility that 
bone mass may be reduced before transplantation. 
Consideration of particular issues related to trans-
plantation of specific organs follows.

 Kidney and Kidney-Pancreas 
Transplantation

 Skeletal Status Before Transplantation
In patients with severe chronic kidney disease 
(CKD) or end-stage kidney disease (ESKD), dis-
turbances in calcium and phosphate metabolism, 
decreased calcitriol synthesis, increased synthesis 
and secretion of PTH, metabolic acidosis, and 
defective bone mineralization, result in the com-
plex form of bone disease known as renal osteo-
dystrophy [64], now termed mineral and bone 
disorders of chronic kidney disease (CKD- MBD). 
Some form of CKD-MBD is almost universal in 
patients who undergo kidney transplantation. A 
given individual may have high bone turnover, due 
to hyperparathyroidism with or without osteitis 
fibrosa, low turnover or adynamic bone disease, 

Table 22.3 Osteoporosis, fractures, and bone loss in 
candidates for solid organ transplantation

Type of 
transplant Prevalence before transplantation

Osteoporosisa 
(%) Fractures

Kidneyb 8–49 Vertebral: 3–21%
Peripheral: 35%

Heart 4–10 Vertebral: 18–50%
Liver 8–43 Vertebral: 20–25%
Lung 30–35 Vertebral: 14–49%

Based on data from Ref. [2]
aAccepted definitions included BMD (by dual X-ray 
absorptiometry) of the spine and/or hip with Z score ≤ −2 
or T score ≤ −2.5
bDefinition of osteoporosis also included BMD of pre-
dominantly cortical sites such as the femoral shaft or 
proximal radius that are adversely affected by excessive 
PTH secretion
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osteomalacia, or “mixed” renal osteodystrophy, a 
combination of one or more of the aforementioned 
lesions. Type I diabetes, hypogonadism secondary 
to uremia, and diseases such as systemic lupus 
erythematosus, common in patients with CKD and 
ESKD, also adversely affect the skeleton. Several 
drugs used routinely in the management of patients 
with renal disease, such as loop diuretics and 
calcium- containing phosphate binders, can also 
affect bone and mineral metabolism. In addition, 
some kidney transplant candidates may have had 
previous exposure to GCs or CsA as therapy for 
immune complex nephritis or other diseases and 
thus may already have sustained significant bone 
loss prior to transplantation.

Measurement of BMD by dual energy X-ray 
absorptiometry (DXA) is of limited utility in 
patients with ESKD as it does not distinguish 
among the various types of renal osteodystrophy 
and more importantly, does not discriminate 
between patients with and without fractures [65]. 
That being said, several cross-sectional studies 
have documented that osteoporosis and low bone 
mass are present in a significant proportion of 
patients on chronic dialysis (Table 22.3) [66–68].

Not surprisingly, the risk of fracture in patients 
with ESKD is greatly elevated. Risk of all frac-
tures has been estimated at 4.4–14 times greater 
than that of the general population [69, 70]. 

Vertebral fractures were present in 21% of 
Japanese hemodialysis patients [71]. In one study, 
34% of 68 hemodialysis patients had a history of 
previous fracture [72]. In another prospective 
study, the incidence of fractures was 0.1 fractures 
per dialysis year in patients with osteitis fibrosa 
and 0.2 fractures per dialysis year in patients with 
adynamic bone disease [73]. Recently, we have 
appreciated that hip fractures are also twofold 
more common in patients with moderate-to-
severe CKD, who do not yet require dialysis [74] 
than in those with normal kidney function.

Risk factors for low bone mineral density and 
fractures include female gender, Caucasian race, 
hyperparathyroidism, adynamic bone disease, 
secondary amenorrhea, type I diabetes, older age, 
duration of dialysis, peripheral vascular disease, 
prior kidney transplant [75], and diabetic 
nephropathy [61].

 Prevalence of Osteoporosis 
in Kidney Transplant Recipients

Low BMD measurements have been reported in 
several cross-sectional studies of patients who 
have undergone kidney transplantation [2, 3, 76–
80] (Table  22.4), although again the prognostic 
significance of low BMD is unclear in such 

Table 22.4 Osteoporosis, fractures, and bone loss after solid organ and bone marrow transplantation

Type of 
transplant Prevalence after transplantation

Bone loss: first post-
transplant year Fracture incidence

Osteoporosisa 
(%) Fractures

Kidneyb 11–56 Vertebral: 3–29%
Peripheral: 11–22%

Spine: 4–9%
Hip: 8%

Vertebral: 3–10%
Peripheral: 10–50%

Heart 25–50 Vertebral: 22–35% Spine: 2.5–8%
Hip: 6–11%

10–36%

Liver 30–46 Vertebral: 29–47% Spine: 0–24%
Hip: 2–4%

Vertebral: 24–65%

Lung 57–73 42% Spine: 1–5%
Hip: 2–5%

18–37%

Bone marrow 4–15 5% Spine: 2–9%
Hip: 6–11%

1–16%

Based on data from Ref. [2]
aAccepted definitions included BMD (by dual X-ray absorptiometry) of the spine and/or hip with Z score ≤ −2 or T 
score ≤ −2.5
bDefinition of osteoporosis also included BMD of predominantly cortical sites such as the femoral shaft or proximal 
radius that are adversely affected by excessive PTH secretion
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patients. For example, lumbar spine (LS) BMD 
was below the fracture threshold in 23% of 65 
renal transplant recipients studied an average of 
4 years after transplantation [81]; female gender, 
postmenopausal status, and cumulative predni-
sone dose were independent predictors of low 
BMD.  Similarly, LS BMD was more than two 
standard deviations below age- and sex-matched 
controls (Z score ≤ −2.0) in 41% of patients stud-
ied 6–195 months after renal transplantation [82], 
and was directly related to increasing time since 
transplantation and PTH concentrations. LS and 
femoral neck (FN) bone density were more than 
two standard deviations below age- and sex- 
matched controls in 29% and 11% of 70 kidney 
transplant recipients studied an average of 8 years 
after transplantation [83], and was particularly 
prevalent in women. In a study of male renal 
transplant recipients, only 17% had normal 
BMD, 30% had osteoporosis at the hip or LS, 
41% including the one-third radius; bone resorp-
tion markers were elevated in 48% [84]. Other 
studies have shown similar results [47, 85, 86].

 Mineral Metabolism and Bone 
Turnover After Kidney 
Transplantation

The changes in biochemical indices of mineral 
metabolism and bone turnover after renal trans-
plantation are fairly consistent [87, 88]. PTH 
levels, usually elevated before transplantation, 
frequently remain high for some time after trans-
plantation and may never completely normalize 
[89]. Hypercalcemia and hypophosphatemia, 
related to persistent parathyroid hyperplasia and 
elevated PTH levels, occur commonly during the 
first few months. Persistent elevations in fibro-
blast growth factor-23 (FGF-23) after transplant 
have been hypothesized to be related to post- 
transplant hypophosphatemia [90]. In most 
patients, these biochemical abnormalities are 
mild and resolve within the first year. In long- 
term transplant recipients, persistent elevations 
in PTH may be associated with reduced hip 
BMD [89]. Calcitriol production by the trans-
planted kidney may be inadequate to suppress 

PTH secretion by hyperplastic parathyroid tissue 
[91], and treatment with calcitriol may prevent 
hyperparathyroidism after renal transplantation 
[92]. Vitamin D deficiency is common and severe 
in patients after kidney transplantation [93, 94]. 
In one study [94], the mean serum level of 
25-hydroxyvitamin D (25OHD) was 10  ng/ml 
(25 nmol/L) and one-third of patients had unde-
tectable levels; transplant recipients had 
 significantly lower levels than age-matched con-
trols [94].

 Bone Loss After Kidney 
Transplantation

Prospective longitudinal studies have docu-
mented high rates of bone loss after kidney trans-
plantation (Table  22.4), particularly during the 
first 6–18 months after grafting. Julian et al. were 
the first to report that LS BMD decreased by 
6.8% at 6 months and by 8.8% at 18 months after 
transplantation [87]. At 18  months, BMD was 
below the “fracture threshold” in 10 of 17 
patients. Several prospective studies have con-
firmed this pattern of bone loss [21, 95–102], in 
which the rate of bone loss is greatest during the 
first 6  months after transplantation and at sites 
where cancellous bone predominates, such as the 
LS.  The rate of LS bone loss varies between 3 
and 10%. There may be a gender difference in the 
site at which bone is lost [75, 95, 97]; men have 
been shown to lose more bone at the proximal 
femur than women in the first few months after 
transplantation.

The pathogenesis of bone loss after renal 
transplantation is complex. The majority of stud-
ies have found that glucocorticoid dose correlates 
directly with bone loss. Men and premenopausal 
women may be at lower, and postmenopausal 
women at higher risk. There is also some evi-
dence in the literature to support a role for cyclo-
sporine in the pathogenesis of the high turnover 
state often apparent in renal transplant recipients 
by 1 year after renal transplantation [103].

In recent years, many centers have stopped 
using glucocorticoids for immunosuppression 
in kidney transplant patients after hospital 
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discharge. These steroid-free regimens may be 
associated with less bone loss. In one study of 
patients who did not receive GCs after discharge, 
spine BMD remained stable and there was a tran-
sient 1–2% decrease in BMD at the hip. However, 
progressive declines occurred at the forearm 
[104]. Further, high-resolution peripheral CT 
scans of these patients demonstrated cortical 
bone loss and a decrease in whole bone stiffness, 
a surrogate for strength. These findings suggest 
that even in the absence of glucocorticoids there 
are ongoing detrimental skeletal effects after 
renal transplant [104].

 Bone Histology After Kidney 
Transplantation

Before transplantation, classic hyperparathyroid 
high-turnover lesions are most commonly seen 
on bone biopsy. However, by 6  months after 
transplantation, glucocorticoid effects predomi-
nate, with osteoblast dysfunction and decreased 
mineral apposition [87, 105]. In long-term kid-
ney transplant recipients, many of whom had 
mild renal insufficiency, bone biopsy results were 
more heterogeneous and included osteoporosis, 
osteomalacia, and osteitis fibrosa. An increase in 
osteoblastic activity and mineralization defects 
were common [106].

 Fracture After Kidney 
Transplantation

Fractures are very common after renal transplan-
tation (Table 22.4), and affect appendicular sites 
(feet, ankles, long bones, hips) more commonly 
than axial sites (spine, ribs) [84]. One study 
determined that nonvertebral fractures are five-
fold more common in males aged 25–64, and 
18-fold and 34-fold more common in females 
aged 25–44 and 45–64, respectively, who have 
had a renal transplant than they are in the normal 
population [107]. Prevalent vertebral or appen-
dicular fractures were identified in 24% of long- 
term kidney transplant subjects [78]. Vertebral 
fractures have been reported in 3–10% of nondia-

betic patients after renal transplantation [47, 83]. 
A cohort study involving 101,039 subjects found 
that patients who underwent kidney transplant 
had a 34% greater risk of hip fracture than those 
who remained on dialysis [61].

Fractures are particularly common in patients 
who receive kidney or kidney-pancreas trans-
plants for diabetic nephropathy [108–111]. In a 
retrospective study of 35 kidney-pancreas recipi-
ents, approximately half had sustained from one 
to three symptomatic, nonvertebral fractures by 
the end of the third post-transplant year [108]. In 
a nested case-control study, pre-transplant diabe-
tes was associated with a significant increase in 
fracture after transplantation [112]. This relation-
ship persisted after controlling for several poten-
tial confounders, including glucocorticoid use. 
Although subjects were predominantly kidney 
transplant recipients, this study also included 
heart, liver, lung, and heart and lung transplant 
recipients. Nikkel. et al. performed an analysis of 
data from the US Renal Data System investigat-
ing whether kidney transplant recipients placed 
on steroid-sparing immunosuppression had lower 
rates of fracture [113]. They found that fracture 
rates were 50% lower among patients who did 
not receive glucocorticoids after hospital 
discharge.

 Cardiac Transplantation

 Skeletal Status Before Transplantation
Risk factors common in patients with end-stage 
cardiac failure that may predispose to bone loss 
before transplantation include exposure to 
tobacco, alcohol, and loop diuretics; physical 
inactivity; hypogonadism; and anorexia that 
may contribute to dietary calcium deficiency. 
Hepatic congestion and prerenal azotemia may 
also affect mineral metabolism, causing mild 
secondary hyperparathyroidism. Although on 
average bone density of patients awaiting car-
diac transplantation may not differ significantly 
from normal, it has been observed that approxi-
mately 4–10% fulfill World Health Organization 
criteria for osteoporosis (Table  22.3) [23, 60, 
114–117].
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 Prevalence of Osteoporosis in Heart 
Transplant Recipients
Osteoporosis and fractures constitute a major 
cause of morbidity after cardiac transplantation. 
In cross-sectional studies, the prevalence rate of 
vertebral fractures in cardiac transplant recipients 
(Table  22.4) ranges between 18 and 50% and 
moderate-to-severe bone loss is present in a 
substantial proportion of subjects at both LS 
and the femoral neck [107, 114–116, 118–128]. 
In a cross-sectional study of long-term cardiac 
transplant recipients, osteopenia or osteoporo-
sis (T score less than −1.0) were found in 66% 
at the femoral neck, and 26% at the LS [129]. 
Perhaps related to a failure to achieve peak 
bone mass, adults who receive cardiac trans-
plants as adolescents have significantly lower 
BMD at LS, FN and one-third radius than age-
matched controls [130].

 Mineral Metabolism and Bone Turnover 
After Heart Transplantation
We reported that severe vitamin D deficiency was 
extremely common among heart and liver trans-
plant recipients at the time of transplantation; 
91% of patients had vitamin D insufficiency (25- 
OHD 20- < 32 ng/ml), 55% had deficiency (25- 
OHD 10-  <  20  ng/ml), and 16% had severe 
deficiency (25-OHD 10  ng/ml) [131]. 
Biochemical changes after cardiac transplanta-
tion include sustained increases in serum creati-
nine [132–134] and decreases in 1,25 
dihydroxyvitamin D concentrations [133]. Serum 
testosterone concentrations decrease in men, and 
may recover by the sixth post-transplant month 
[132–135]. In one study, testosterone levels were 
lowest in the first month following transplant, 
and reflected suppression of the hypothalamic 
pituitary gonadal axis by prednisone as well as 
peri-operative stressors [135]. Low total testos-
terone was also common at 1 and 2 years after 
transplantation. At these later time points, low 
testosterone may result from primary gonadal 
failure [135]. Serum osteocalcin falls precipi-
tously and there is a sharp increase in markers of 
bone resorption (hydroxyproline and pyridinium 
crosslink excretion) during the first 3 months 
with return to baseline levels by the sixth month 

[132–134]. This biochemical pattern coincides 
with the period of most rapid bone loss and high-
est fracture incidence and suggests that the early 
post-transplant period is associated with uncou-
pling of formation from resorption, and restitu-
tion of coupling when glucocorticoid doses are 
lowered. There is also evidence for a high bone 
turnover state later in the post-transplant course 
perhaps due to cyclosporine, characterized by 
elevations in both serum osteocalcin and urinary 
excretion of resorption markers [116, 119, 120, 
126, 127, 132, 134, 136]. The increased bone 
turnover may be due in part to secondary hyper-
parathyroidism related to renal impairment [120]. 
Thus, biochemical changes later in the post- 
transplant course may be mediated, at least in 
part, by cyclosporine A-induced renal insuffi-
ciency, although other etiologies cannot be 
excluded.

 Bone Loss After Heart Transplantation
The pattern of bone loss after cardiac transplanta-
tion is similar to that observed after renal trans-
plant. Prospective longitudinal studies have 
documented rates of bone loss ranging from 2.5% 
to 11%, predominantly during the first 
3–12  months after transplantation (Table  22.4) 
[52, 133, 134, 136–141]. Although GCs affect the 
predominantly cancellous bone of the vertebrae 
to a greater extent than other sites, there is as 
much or more bone loss at the hip, a site with 
more cortical bone than the vertebral bodies [23, 
133]. Moreover, while bone loss at the LS slows 
or stops after the first 6 months, femoral neck 
bone loss continues during the second half of the 
first year after transplantation [23, 133]. There 
are very few longitudinal data available on the 
pattern of bone loss after the first year. However, 
data suggest that the rate of bone loss slows or 
stops in the majority of patients, with some 
recovery at the LS noted during the third year of 
observation [23, 133]. Bone loss also slows at the 
hip after the first year; however, in contrast to the 
spine, there has been no significant recovery by 
the fourth post-transplant year. The results of a 
recent study suggest that there may be less bone 
loss than suggested in literature from the 1980s 
and early 1990s [23].
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 Fracture After Heart Transplantation
Fragility fractures are most common during the 
phase of rapid bone loss that characterizes the 
first post-transplant year (Table 22.3). In a pro-
spective observational longitudinal study, 36% 
of patients (54% of the women and 29% of the 
men) suffered one or more fractures of the ver-
tebrae, ribs, and hip in the first year despite 
daily supplementation with calcium (1000 mg) 
and vitamin D (400 IU) [142]. The mean time 
to first fracture was 4  months, with most 
patients sustaining their initial fracture during 
the first 6 months. Lower pre-transplant BMD 
and female gender were associated with a trend 
toward increased fracture risk. In men, how-
ever, it was the rate of bone loss after transplan-
tation rather than the pre-transplant bone 
density that was associated with fracture risk. 
Many of the patients that fractured had normal 
pre-transplant BMD and thus it was not possi-
ble to predict who would fracture on the basis 
of pre-transplant BMD or any other demo-
graphic or biochemical parameter [142]. Two 
European studies of cardiac transplant recipi-
ents reported similar fracture incidence with 
approximately 30% to 33% sustaining vertebral 
fractures during the first 3 years [143]. The risk 
of a vertebral fracture was higher in those 
patients who had LS T scores below −1.0 (haz-
ard ratio 3.1) [143].

In a more recent interventional study, the 
incidence of vertebral fractures during the first 
post- transplant year in patients who received 
only calcium and vitamin D was only 14% 
[23]. Similarly, in a prospective study of 
untreated patients only 12% had fractures 
[144], suggesting fracture rates may be lower 
than in the past. However, clinical experience 
suggests that fractures remain a very common 
and sometimes devastating complication of 
heart transplantation. A complete bone evalua-
tion including BMD measurements before or 
immediately after transplantation, as well as 
aggressive intervention to prevent bone loss 
and fractures should be considered in all 
patients regardless of age, sex, or pre- transplant 
bone density.

 Liver Transplantation

 Skeletal Status Before Transplantation
Patients with liver failure have multiple risk fac-
tors that may predispose to low bone mineral den-
sity before transplantation and fracture after 
transplantation [145–147]. Many patients with 
end-stage liver disease who are listed for liver 
transplantation have prevalent osteoporosis 
(Table  22.3), as evidenced by low bone mineral 
density (BMD) and fragility fractures [148, 149]. 
Osteoporosis and abnormal mineral metabolism 
have been described in association with alcoholic 
liver disease, hemochromatosis, steroid-treated 
autoimmune chronic active hepatitis, post- necrotic 
cirrhosis, and particularly in chronic cholestatic 
liver diseases such as biliary cirrhosis [150–153]. 
A study of 58 patients with cirrhotic end-stage 
liver disease referred for liver transplantation 
[149], reported that 43% had osteoporosis (defined 
as Z score > 2 S.D. below age-matched controls or 
presence of vertebral fractures). Serum 25-OHD, 
1,25(OH)2D, intact PTH, and osteocalcin (a 
marker of bone formation) were lower and urinary 
hydroxyproline excretion (a marker of bone 
resorption) was higher in cirrhotic patients than 
controls. Male patients had lower serum testoster-
one levels than controls. A study of 56 liver trans-
plant recipients revealed that 23% had osteoporosis 
that antedated transplantation [154]. In a recent 
study of 360 liver transplant candidates, 38% had 
osteoporosis and 39% had osteopenia [155].

Histomorphometric studies have found that 
bone formation is decreased in patients with pri-
mary biliary cirrhosis, and reflected by low serum 
osteocalcin levels [156–158]. Another study 
found biochemical evidence of both decreased 
bone formation and increased bone resorption in 
patients with chronic liver disease [148]. 
However, while serum osteocalcin appears to be 
a valid marker of bone formation in cholestatic 
liver disease, the utility of collagen-related mark-
ers of bone turnover has recently been called into 
question. In fibrotic liver diseases, the synthesis 
of type I collagen is markedly increased. 
Guanabens et al. have found that collagen-related 
bone turnover markers appear influenced by liver, 
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rather than bone, collagen metabolism and do not 
reflect skeletal turnover in patients with liver dis-
ease [156]. Serum osteocalcin and tartrate- 
resistant acid phosphatase (TRAP) may be more 
valid markers of bone remodeling activity in this 
clinical situation.

 Mineral Metabolism and Bone Turnover 
After Liver Transplantation
Studies of calciotropic hormone levels and bone 
turnover markers after liver transplantation are 
limited. Compston et  al. reported a significant 
rise in serum-intact PTH during the first 3 months 
after liver transplantation, although levels did not 
exceed the upper limit of the normal range [159]. 
Significant increases in PTH during the first 
3–6 months after transplant have been observed 
by other authors as well [160, 161]. In contrast, 
intact PTH levels have been reported to be within 
the normal range in liver transplant recipients in 
other studies [162–164]. Our study that investi-
gated 25-OHD at the time of transplantation 
found that liver transplant recipients had signifi-
cantly lower vitamin D levels than heart trans-
plant recipients. This finding likely relates to 
disease-specific factors such as malabsorption, 
and impaired hepatic 25-hydroxylation of vita-
min D [131]. Moreover, reduced hepatic produc-
tion of vitamin D binding protein may lead to an 
apparent decrease in total (bound and free) serum 
25-OHD, but free levels may be normal.

With respect to bone turnover, markers of 
bone formation (osteocalcin and carboxyterminal 
peptide of type I collagen) and resorption are 
higher in liver transplant recipients than in nor-
mal controls in most [163–166], though not all, 
studies [167]. OPG and RANK-L levels are sig-
nificantly elevated in the first 2 weeks following 
liver transplant [168]. The balance of the data 
thus suggests that low bone turnover observed in 
many patients with liver failure converts to a high 
turnover state that persists indefinitely after liver 
transplantation.

As is the case with renal and cardiac trans-
plantation, the independent role of GCs and cal-
cineurin inhibitors in the pathogenesis of bone 
disease in liver transplant patients is difficult to 

assess since single drug therapy is uncommon. 
The mechanism of bone loss after liver transplan-
tation has been studied by transiliac crest bone 
biopsy after tetracycline labeling in 21 patients, 
evaluated before and 3 months after transplanta-
tion. Before transplantation, a low turnover state 
was observed, with decreased wall width and ero-
sion depth. Postoperative biopsies showed high 
turnover with increased formation rates and acti-
vation frequency, and a trend toward increased 
indices of resorption [169], which may have been 
related to the concomitant increase in PTH con-
centrations [159] or alternatively to calcineurin 
inhibitors.

 Bone Loss and Fracture After Liver 
Transplantation
Osteoporosis is also common after liver trans-
plantation, as detailed in several recent reviews 
[62, 170]. The natural history of bone loss fol-
lowing liver and cardiac transplantation appears 
similar [143]. Rates of bone loss and fracture 
vary considerably after liver transplantation 
(Table 22.3), but were often extremely high, par-
ticularly in studies published before 1995 [143, 
154, 162, 163, 171–176], in which LS BMD fell 
by 2–24%, primarily in the initial few months 
after liver transplantation. Bone loss appears to 
stop after 3–6 months with gradual improvement 
by the second and third post-transplant years. 
Eastell et  al. reported that bone mass recovers 
and bone histology normalizes with increasing 
survival time after transplantation [171], and 
other investigators have shown that there is 
improvement in BMD in long-term liver trans-
plant recipients [177]. This, however, has not 
been a uniform finding and other studies have 
found continued losses rather than recovery [162, 
178].

More recent studies have found smaller 
amounts of bone loss. Keogh et al. reported that 
femoral neck BMD fell by 8% and LS BMD by 
2% after liver transplantation [179]. Ninkovic 
et al. found only a 2.3% loss at the femoral neck, 
with preservation of LS BMD 1 year after liver 
transplant [22]. Floreani et al. found increases in 
BMD at 1 year [160]. Smallwood et al. reported 
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in a cross-sectional study that lower bone mass 
following liver transplant was associated with 
older age, female gender, cholestatic liver dis-
ease, and higher prednisone dose [180]. A recent 
retrospective study found that women receiving 
cumulative glucocorticoid doses greater than 
3500 mg had lower FN BMD at one and 2 years 
following liver transplant than other patients 
[181]. Guichelaar et  al. followed 360 patients 
after liver transplant. Higher rates of LS bone 
loss occurred in patients with primary sclerosing 
cholangitis, current smokers, younger age, higher 
baseline BMD, shorter duration of liver disease, 
and ongoing cholestasis [155].

Fracture incidence is also highest in the first 
year and ranges from 24% to 65%, the latter in a 
group of women with primary biliary cirrhosis. 
The vertebrae and ribs are the most common 
fracture sites. Again, fracture rates appear to be 
considerably lower in more recent studies [22]. 
Whether type of liver disease at baseline predicts 
fractures is controversial. Some authors report 
more bone loss and fractures in patients with pri-
mary sclerosing cholangitis [155] and alcoholic 
cirrhosis [182]. Glucocorticoid exposure and 
markers of bone turnover do not reliably predict 
bone loss or fracture risk. Older age and pre- 
transplant BMD at the FN and LS were predictive 
of post-transplant fractures in recent prospective 
studies [22, 161]. Vertebral fractures prior to 
transplant have been shown to predict post- 
transplant vertebral fractures [143, 183]. In re- 
transplanted patients, those with primary biliary 
cirrhosis and those with previous fragility frac-
tures are at increased risk. These patients may 
always be at risk for fractures as survival rates 
and duration increase. In a recent study of patients 
who survived more than 15 years after liver trans-
plantation, 49% had osteoporosis and 30% had 
sustained vertebral fractures [184].

 Lung Transplantation

 Skeletal Status Before Lung 
Transplantation
Hypoxemia, tobacco use, and prior glucocorti-
coid therapy are frequent attributes of candidates 

for lung transplantation and may contribute to the 
pre-transplant bone loss (Table 22.3) particularly 
common in these patients [185, 186]. Cystic 
fibrosis (CF), a common reason for lung trans-
plantation, is itself associated with osteoporosis 
and fractures due to pancreatic insufficiency, 
vitamin D deficiency and calcium malabsorption, 
and hypogonadism [187–189]. A greatly 
increased rate of all fractures and severe kyphosis 
has been reported in adults with cystic fibrosis 
[187]. Vitamin D deficiency is extremely com-
mon in CF patients, despite supplementation; 
bone density was significantly lower in 
D-deficient patients [188]. Two cross-sectional 
studies have found that low bone mass and osteo-
porosis are present in 45–75% of candidates for 
lung transplantation [185, 186]. In both, gluco-
corticoid exposure was inversely related to 
BMD. Vertebral fracture prevalence was 29% in 
patients with emphysema and 25% in patients 
with CF [185, 186]. Low bone mass is also com-
mon in patients with primary pulmonary hyper-
tension prior to lung transplantation; in a 
retrospective study, 61% had osteopenia at the 
FN and 72% at the LS. BMD at the FN correlated 
with functional measures, walking distance, and 
pulmonary vascular resistance [190]. A cross- 
sectional study of patients with diffuse parenchy-
mal lung disease presenting for lung 
transplantation found that 13% had osteoporosis, 
and 57% osteopenia. Low BMD was associated 
with lower body mass index, and Hispanic eth-
nicity [191].

 Mineral Metabolism and Bone Turnover 
After Lung Transplantation
Bone turnover markers are elevated following 
lung transplant. Increased osteoclastic and 
decreased osteoblastic activity have been 
observed in post-transplant bone biopsies of CF 
patients [192].

 Bone Loss and Fracture After Lung 
Transplantation
Few studies have prospectively evaluated patients 
after lung transplantation (Table 22.3). A study of 
12 patients demonstrated an average 4% decrease 
in LS BMD during the first 6 months despite calcium 
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and 400  IU of vitamin D [193]. Two men sus-
tained multiple vertebral fractures. Another study 
documented decreases of approximately 5% in 
both LS and femoral neck BMD during the first 
6–12 months after lung transplantation and frac-
tures developed in 18% of 28 patients [194]. In a 
retrospective analysis of 33 lung transplant recip-
ients who had survived at least 1 year after graft-
ing, BMD was markedly decreased and 42% had 
vertebral fractures [195]. In a 10-year follow- up 
study of lung transplant recipients, of the 28 
(29%) of patients who survived, 11% had preva-
lent osteoporotic fractures [196]. As many as 
37% of lung transplant recipients suffer fragility 
fractures and significant bone loss during the 
first post-transplant year despite antiresorptive 
therapy [197].

Risk factors for fracture and bone loss include 
female gender, low pre-transplant LS BMD, pre- 
transplant glucocorticoid therapy, and higher 
bone turnover after transplantation. Some studies 
have found that bone loss correlates with GC 
dose [194], but others have not found this rela-
tionship [197].

 Bone Marrow Transplantation (BMT)

BMT is performed with increasing frequency and 
for expanding indications. In preparation for 
transplantation, patients receive myeloablative 
therapy (alkylating agents and/or total body irra-
diation) and commonly develop profound and 
frequently permanent hypogonadism, which 
could certainly cause bone loss.

 Mineral Metabolism and Bone Turnover 
After Bone Marrow Transplantation
Bone turnover markers are consistent with the 
pattern of decreased formation and increased 
resorption [198] observed in other forms of trans-
plantation during the first 3  months, a pattern 
consistent with uncoupling of formation from 
resorption. After 3 months, there was recovery of 
bone formation markers and generally elevated 
turnover during the latter half of the year [198]. 
Similar elevations of bone turnover markers have 
also been observed by other investigators after 

BMT [199–201] [202, 203]. Rates of FN bone 
loss are lower after autologous BMT, about 4%. 
LS BMD returns to baseline, while FN bone loss 
persists for 2 years [204].

Cellular or cytokine-mediated abnormalities in 
bone marrow function after BMT may affect bone 
turnover and BMD [205]. Osteoblastic differentia-
tion is reduced by damage from high- dose chemo-
therapy, total body irradiation and treatment with 
GCs and/or CsA. Colony forming units-fibroblasts 
(CFU-f) are reduced for up to 12 years following 
BMT [206, 207]. Long-term survivors have been 
shown to have persistent abnormalities in bone 
turnover and vitamin D [208].

Avascular necrosis (AVN) is common, occur-
ring in 10–20% of allo-BMT survivors, at a 
median of 12 months following transplant [207, 
209]. The most important risk factor for the 
development of avascular necrosis is GC treat-
ment of chronic GVHD. AVN may be related to 
decreased numbers of bone marrow CFU-f 
in  vitro, but does not appear to be related to 
BMD [210].

 Bone Loss and Fracture After Bone 
Marrow Transplantation
After transplantation, patients may receive GCs, 
methotrexate, or cyclosporine A, alone or in com-
bination. The pathogenesis of osteoporosis after 
allogenic BMT is complex, related to many fac-
tors including the effects of treatment and effects 
on the stromal cell compartment of the bone mar-
row [77, 202, 206]. Low BMD was first reported 
after BMT by Kelly et al. [211]. Since then, sev-
eral cross-sectional studies have confirmed low 
total body BMD [212, 213] or bone mineral con-
tent (BMC) [214] (by DXA) and LS volumetric 
BMD (by computed tomography) [200] in bone 
marrow transplant recipients (Table  22.4). 
However, in one study, only those who were less 
than 18 years old at the time of transplantation 
were affected, perhaps because of a failure to 
achieve optimal bone mass and smaller bone size 
[212]. Two studies have documented that bone 
mass is low in hypogonadal women after bone 
marrrow transplantation [215, 216] and that hor-
mone replacement therapy is associated with sig-
nificant increases in BMD [215, 216].
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With respect to natural history of bone loss 
after BMT, a study of 9 adults undergoing 
6  months of high-dose glucocorticoid and CsA 
therapy for graft-versus-host disease (GVHD) 
observed significant LS bone loss [217]. Ebeling 
et al. found that low BMD antedates BMT, par-
ticularly in subjects with prior glucocorticoid 
exposure and that post-transplant bone loss is 
particularly severe in patients who undergo allo-
geneic BMT, probably because of their increased 
propensity for GVHD [209]. Another study fol-
lowed a group of patients who had undergone 
allogeneic BMT for 6  months (n  =  44) and 
12 months (n = 36) after grafting. Although some 
received calcium and vitamin D and some 
received calcitonin, there was no discernable dif-
ference in rates of bone loss; therefore, the groups 
were combined. BMD decreased by approxi-
mately 6% at the LS and 7% at the FN [198]. In 
other studies, LS BMD decreased by 2.2–3.0% 
and FN BMD by 6.2–11.6% during the first 
12–14  months [203, 218]. There appears to be 
little bone loss after the first year [200]. The sig-
nificant bone loss that occurs in the femoral neck 
does not appear to be regained [219]. In a recent 
retrospective study, risk of fracture incidence was 
up to 9 times higher in bone marrow transplant 
recipients compared with an age- and sex- 
matched reference population [220].

 Evaluation and Management 
of Candidates for Transplantation

 Evaluation

There are now abundant data documenting the 
high prevalence of bone disease in candidates for 
all types of transplantation. Therefore, the possi-
bility of significant bone disease should be con-
sidered before transplantation so that potentially 
treatable abnormalities of bone and mineral 
metabolism may be addressed and the skeletal 
condition of the patient optimized before trans-
plantation (Table 22.5). Risk factors for osteopo-
rosis should be assessed. These include a family 
history of osteoporosis, history of adult low- 
trauma fractures, medical conditions (thyrotoxi-

cosis, renal disease, rheumatological, and 
intestinal disorders), unhealthy lifestyle choices 
(physical inactivity, dietary calcium and vitamin 
D deficiency, excessive caffeine and alcohol 
intake, tobacco use) and exposure to certain 
drugs (diphenylhydantoin, lithium, loop diuret-
ics, glucocorticoids, prolonged, and large doses 
of heparin, thyroid hormone). In men, it is impor-
tant to exclude hypogonadism. A physical exami-
nation should focus upon findings that suggest 
hypogonadism, thyrotoxicosis, and Cushing’s 
syndrome. Risk factors for falling (poor impaired 
vision, hearing, balance and muscle strength, 
psychotropic drugs) should also be assessed.

BMD of the spine and hip is the most important 
test to obtain before transplantation. Radiographs 
of the thoracic and lumbar spine are also important 
since risk of future fracture is greater in patients 
with prevalent vertebral fractures. A battery of bio-
chemical tests is unnecessary if the BMD is nor-
mal and supplementation with calcium and 
vitamin D is planned. However, if the pre-trans-
plant BMD is low, a thorough biochemical evalua-
tion can alert the physician to the etiology of low 
bone mass and guide appropriate therapy, targeted 
to the cause. In such instances, the biochemical 
evaluation should include a chemistry panel 
(serum electrolytes, creatinine, calcium, phospho-
rus, alkaline phosphatase), thyroid function tests, 
intact PTH, and serum 25-OHD. In men, total and 
free testosterone should be obtained. Markers of 
bone formation (serum osteocalcin, bone specific 
alkaline phosphatase and procollagen type 1 

Table 22.5 Skeletal evaluation of the candidate for 
organ transplantation

In all candidates:
Assess risk factors for osteoporosis, including 
menstrual history, history of low-trauma fractures.
Measure bone densitometry (BMD) of spine and hip by 
DXA
Obtain thoracic and lumbar spine radiographs
If BMD testing reveals osteoporosis or if there are 
prevalent vertebral or nonvertebral fractures:
Serum electrolytes, BUN creatinine, calcium, 
parathyroid hormone, 25-hydyroxyvitamin D, thyroid 
function tests (see text)
In men, serum total and/or testosterone, with follow-up 
FSH, and LH if testosterone is low
Urine for calcium and creatinine
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amino-terminal propeptide (P1NP), and resorption 
(C- or N-telopeptide excretion) can also be mea-
sured to assess bone turnover status, although this 
is optional.

Although pre-transplant BMD does not reli-
ably predict fracture in individual patients, low 
pre-transplant BMD probably increases fracture 
risk. Individuals awaiting transplantation who 
meet World Health Organization criteria for diag-
nosis of osteoporosis (T Score < −2.5), osteope-
nia or low bone mass (T score between −1.0 and 
−2.5) should be evaluated and treated similarly 
to others with, or at risk, for osteoporosis 
(Table 22.5).

While on the waiting list for transplantation, 
rehabilitation therapy should be prescribed as 
tolerated to maximize conditioning and physical 
fitness. All transplant candidates should receive 
the Recommended Daily Allowance of vitamin 
D (600–800 IU), or as necessary to maintain the 
serum 25-OHD level above 30 ng/ml (80 nmol/
mL) and a daily calcium intake of 1000–
1200  mg (depending on menopausal status). 
Patients should be encouraged to obtain as much 
of their calcium from diet as possible. Calcium 
citrate is preferred as a supplement. Many of 
these patients take proton pump inhibitors 
before or after transplantation, which can reduce 
intestinal calcium absorption. Hypogonadal 
men should also be offered testosterone replace-
ment. Generally accepted guidelines for gonadal 
hormone replacement should apply to these 
patients.

Patients who are found to have osteoporosis 
before transplantation should begin antiresorp-
tive therapy with a bisphosphonate. The pre- 
transplant waiting period is often long enough 
(1–2 years) for significant improvement in BMD 
before transplantation. Patients with CKD-MBD 
should be managed in accordance with accepted 
clinical guidelines [221]. A discussion of this 
topic is beyond the scope of this chapter.

After transplantation, monitoring serum and 
urine indices of mineral metabolism is less cru-
cial, although it may be useful to detect develop-
ing conditions that may contribute to bone loss 
(vitamin D deficiency or renal insufficiency with 
secondary hyperparathyroidism. Serum (and uri-

nary) calcium must be monitored frequently if 
pharmacologic doses of vitamin D or its active 
1-hydroxylated metabolites are used, in order to 
detect hypercalciuria or hypercalcemia. 
Measurement of BMD should be performed 
annually for the first 2 years, particularly if the 
patient remains on GCs. Frequency of follow-up 
BMD measurement should be based upon 
whether the patient continues to require GCs and 
if they are using anti-osteoporotic therapy. Bone 
biopsy may be necessary in the kidney transplant 
recipient since many experts remain reluctant to 
use bisphosphonates in patients with adynamic 
bone disease. Although transiliac crest bone 
biopsy remains a research tool, more histomor-
phometric studies would be very helpful in con-
firming theories of the pathogenesis of 
transplantation osteoporosis.

 Prevention of Transplantation 
Osteoporosis

The major principles, which have been demon-
strated consistently after kidney, liver, heart, 
lung, and bone marrow transplantation, and 
which should guide therapy of transplantation 
osteoporosis are as follows:

• Rates of bone loss are most rapid immediately 
after transplantation.

• Fractures also occur very early after transplan-
tation, sometimes within only a few weeks of 
grafting.

• Fragility fractures develop both in patients 
with low and those with normal pre-transplant 
BMD.

• Prevention of the rapid bone loss that during 
the first few months after transplantation is 
likely to be considerably more effective in 
reducing the morbidity from fractures than 
waiting for fractures to occur before initiating 
therapy.

• Therefore, preventive strategies should be 
instituted immediately after transplantation 
both in patients with normal pre-transplant 
BMD and those with low BMD who are being 
treated with glucocorticoids (Table 22.6).
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• The long-term transplant recipient with estab-
lished osteoporosis and/or fractures should 
not be neglected (Table 22.7).

There are several prospective controlled ran-
domized studies for prevention and treatment of 
transplantation osteoporosis in the literature, 
although the quality of these studies varies. The 
recommendations provided herein are also 
based upon experience with glucocorticoid-
induced osteoporosis and recent guidelines from 
the American College of Rheumatology [222]. 
Available therapies of transplantation osteopo-
rosis include antiresorptive drugs (bisphospho-
nates and denosumab), as well as analogs of 
vitamin D and gonadal hormone replacement. 
Since resorption markers increase after trans-
plantation and correlate directly with rates of 
bone loss, [88] attempts to prevent post-trans-
plantation bone loss, and hopefully fractures, by 
inhibition of bone resorption are a logical 
approach.

 Bisphosphonates

Bisphosphonates act by inhibiting osteoclastic 
bone resorption. This class of drugs is most com-
monly used to treat osteoporosis in postmeno-
pausal women and men. However, they have also 
been used successfully both to prevent and to pre-
vent glucocorticoid-induced bone loss and bone 
loss in transplant recipients. Alendronate, rise-
dronate, and zoledronic acid have been approved 
by the FDA for prevention and treatment of 
GC-induced osteoporosis. Since transplantation 
osteoporosis can be considered one form of 
glucocorticoid- induced osteoporosis and since 
cyclosporine and tacrolimus-induced bone loss 
are characterized experimentally by increases in 
both formation and resorption, bisphosphonates 
offer considerable hope for prevention of trans-
plantation osteoporosis.

Table 22.6 Primary prevention of bone loss in transplant 
recipients

Measure BMD before or immediately after 
transplantation and annually for 2 years
Consider pharmacologic therapy in all patients with 
low bone mass (T score between −1.0 and − 2.5) or 
osteoporosis (T score < −2.5)
Endeavor to use the lowest dose of glucocorticoids 
possible
  Consider alternative therapies for rejection
Calcium intake of 1200 mg/d both before and after 
transplantation
Vitamin D intake of 600–1000 IU, or as needed to 
maintain serum 25-OHD concentrations above 30 ng/
ml (80 nmol/ml)
Physical rehabilitation program both before and after 
transplantation
Replace gonadal steroids (in men and hypogonadal 
premenopausal women)
Begin antiresorptive therapy, preferably a 
bisphosphonate, before transplantation in patients with 
antecedent osteoporosis or low bone mass
Begin antiresorptive therapy, preferably a 
bisphosphonate, immediately after transplantation in 
patients with normal or low bone mass and continue for 
at least the first year

Table 22.7 Management of the long-term organ trans-
plant recipient

In all patients:
  Assess risk factors for osteoporosis
  BMD of spine and hip by DXA
  Thoracic and lumbar spine radiographs
  Calcium intake of 1200 mg/d both before and after 

transplantation
  Vitamin D intake of 600–1000 IU, or as needed to 

maintain serum 25-OHD concentrations above 30 ng/
ml (80 nmol/ml)

  Physical rehabilitation program
If BMD testing reveals osteoporosis or there are 
prevalent vertebral fractures:
  Serum electrolytes, BUN creatinine, calcium, 

parathyroid hormone, 25-hydyroxyvitamin D, 
thyroid function tests

  In men, serum total and/or testosterone, with 
follow-up FSH, and LH if testosterone is low

  Urine for calcium and creatinine
  Replace gonadal steroids (in hypogonadal men and 

women, if appropriate)
  Begin antiresorptive therapy, preferably a 

bisphosphonate∗

*These recommendations should not be applied to kidney 
transplant recipients in whom the risk of the adynamic 
bone lesion is high and benefits of bisphosphonates are 
controversial
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Several [164, 223–235] studies suggest that 
intravenous bisphosphonates can prevent bone 
loss and fractures after transplantation. 
Intravenous pamidronate administered in 
repeated doses has been shown to prevent bone 
loss at the LS and FN in kidney, [224, 235] heart, 
[228, 233] liver, [236] and lung [227, 232] trans-
plant recipients. In a small, open but randomized 
clinical trial, intravenous pamidronate was 
administered to kidney transplant recipients at 
time of grafting and again 1 month later, [223] 
completely preventing LS and FN bone loss. In 
contrast, LS BMD fell by 6.4% and FN BMD by 
9% in the control subjects. The benefits of this 
intervention were still apparent 4 years after 
transplantation, especially at the FN [224]. Coco 
et al. [235] compared kidney transplant recipients 
who received intravenous pamidronate at the 
time of transplantation and at 1, 2, 3, and 
6 months afterward, along with calcium and cal-
citriol, to those treated with calcium and calcitriol 
alone. There was no bone loss in the patients who 
received pamidronate, while the other group sus-
tained losses of 4–6%. Bone biopsies performed 
in a small number of patients after 6 months of 
therapy, however, revealed a high incidence of 
adynamic bone disease. Aris et al., in a random-
ized, controlled but nonblinded trial, demon-
strated that intravenous pamidronate (30  mg 
every 3 months for 2 years) was associated with 
8% increases in spine and hip BMD in patients 
who underwent lung transplantation for cystic 
fibrosis [227]. However, fracture rates were very 
high and did not differ between the two treatment 
groups. A retrospective study suggested that 
treatment with intravenous pamidronate before 
and every 3  months after liver transplantation 
prevented symptomatic vertebral fractures in 
liver transplant recipients who had osteoporosis 
before transplantation [237]. In contrast, a more 
recent prospective study in liver transplant 
patients found that bone loss at the FN was not 
prevented with pamidronate, which was given as 
a single infusion as long as 3 months before 
grafting. There was no LS bone loss in either 
group and fracture rates did not differ [236]. In 
two large prospective studies of patients after 
allogenic BMT, intravenous pamidronate pre-

vented LS bone loss and reduced proximal femo-
ral bone loss [238, 239]. About 3% of bone loss 
at the proximal femur still occurred, however, 
despite doses up to 90 mg one study [239]. The 
lack of efficacy may be related to a failure of 
pamidronate to inhibit matrix metalloproteinase 
(MMP)–mediated bone resorption or to reverse 
defects in osteoblast function after BMT [240].

Randomized trials with the more potent intra-
venous bisphosphonates, zoledronic acid and 
ibandronate, have shown significant protective 
effects on BMD at 6 and 12 months in recipients 
of heart, [241] liver, [229, 242, 243] and kidney 
[230, 234] transplants. Fahrleitner-Pammer et al. 
reported that in male heart transplant patients, 
ibandronate prevented bone loss and reduced the 
risk of vertebral fractures [241]. Crawford et al. 
administered repeated doses of zoledronic acid 
before and at 1, 3, and 6 months following liver 
transplantation, which prevented bone loss at the 
LS, FN, and total hip (TH), compared with pla-
cebo. One year after transplantation, the effects at 
the FN and TH persisted, but an increase in LS 
BMD in the placebo group abolished the signifi-
cant difference at the spine [242]. Bodingbauer 
et al. investigated 4 mg of zoledronic acid given 
to a group of liver transplant patients monthly for 
the first 6 months and then at 9 and 12 monthly 
after transplantation. With treatment, BMD was 
stable at the LS and losses were reduced at the 
FN compared to controls. There was also a reduc-
tion in vertebral fractures with zoledronic acid 
treatment [243]. In another study, Kaemmerer 
and colleagues treated liver transplant patients 
treated with 2  mg of intravenous ibandronate 
every 3 months for 1 year also had stable spine 
BMD and attenuated hip bone loss compared to 
controls. Treated subjects had a significant reduc-
tion in total number of fractures [244]. Intravenous 
zoledronic acid (4  mg), given 12  months after 
BMT, prevented spinal and femoral bone loss 
[245]. Zoledronic acid has also been shown to 
increase ex vivo growth of bone marrow CFU-f, 
perhaps improving osteoblast recovery and 
increasing osteoblast numbers after BMT.

Clinical trials have also been performed with 
oral bisphosphonates. In terms of primary preven-
tion of bone loss immediately after transplantation, 
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several studies have compared alendronate with 
calcitriol. A randomized trial comparing alendro-
nate (10 mg daily) with calcitriol (0.25 μg twice 
daily) treatment starting immediately after car-
diac transplant found that both regimens pre-
vented bone loss at the lumbar spine and hip 1 
year after transplant, compared with a reference 
group receiving only calcium and vitamin D [23]. 
Although alendronate and calcitriol were discon-
tinued during the second year after cardiac trans-
plant, BMD remained stable [246]. Kidney 
transplant patients treated with alendronate 
(10 mg daily), calcitriol (0.25 μg daily), and cal-
cium carbonate (2 g daily) had marked increases 
in LS BMD compared to decreases in those who 
received only calcium and calcitriol [247]. Two 
recent trials found similar improvements in LS 
BMD in patients treated with alendronate or rise-
dronate following kidney transplant [248, 249].

Long-term cardiac transplant patients treated 
with clodronate also had improvements in BMD 
[250]. A trial of long-term kidney transplant 
patients who were started on alendronate, cal-
citriol, and calcium or only calcitriol and calcium 
approximately 5 years after transplantation, doc-
umented significant improvements in LS and FN 
BMD in the alendronate group. BMD in the other 
group was stable [251]. Similarly, a retrospective 
trial in long-term kidney transplant recipients 
found that bisphosphonate use was associated 
with preservation of FN BMD [252]. Three 
recent meta-analyses of bisphosphonate trials in 
kidney transplant recipients found that bisphos-
phonates effectively prevented bone loss at the 
LS and FN [253–255]. In addition, a meta- 
analysis also demonstrated bisphosphonates use 
reduced fracture in transplant recipients [255]. In 
a small randomized trial of long-term kidney 
transplant recipients that compared alendronate, 
alfacalcidiol, and alendronate for 1 year, BMD 
improved at the LS and FN in patients treated 
with alendronate and alendronate combined with 
alfacalcidiol. The increase was only significant in 
the combination alendronate-alfacalcidiol group 
likely because of inadequate power in this small 
study [256]. Alendronate has been shown to pre-
vent bone loss after liver transplant as well [182]. 
In BMT recipients, risedronate given 12 months 

after BMT improved BMD at the spine and pre-
vented loss at femoral neck [257].

Weekly or monthly dosing regimens [258] 
are very useful in transplant patients who have 
many gastrointestinal symptoms and take large 
numbers of medications. For such patients, the 
requirement to take oral bisphosphonates first 
thing in the morning and wait 30–60 min before 
eating or taking other medications is particu-
larly inconvenient. In two recent studies, 
weekly alendronate (70  mg) has improved 
BMD in liver [259] and kidney transplant recip-
ients [260]. Our randomized double-blind, dou-
ble-dummy active comparator study compared 
single-dose zoledronic acid and weekly alen-
dronate over 1 year in patients receiving liver 
or heart transplant. We found that both agents 
prevent bone loss at hip. In liver transplant 
patients, both medications increased LS 
BMD.  In contrast, among heart transplant 
patients, those who received zoledronic acid 
had increased LS BMD but not those treated 
with oral alendronate [261].

Although fracture is the most important clini-
cal outcome, very few treatment studies have had 
adequate statistical power to detect differences in 
fracture among treated and untreated patients. 
For this reason, we performed a meta-analysis of 
randomized controlled clinical trials to determine 
whether treatment with bisphosphonates or active 
vitamin D analogs reduced fracture risk in the 
first year following solid organ transplantation. 
Treatment with bisphosphonates or vitamin D 
analogs reduced the number of subjects with 
fracture (OR 0.50, 95% CI 0.29, 0.83) and num-
ber of vertebral fractures (OR 0.24, 95% CI 0.07, 
0.78). When bisphosphonate trials were exam-
ined separately, there was a reduction in number 
of subjects with fractures (OR 0.53, 95% CI 0.30, 
0.91), but no significant reduction in vertebral 
fractures (OR 0.34, 95% CI 0.09, 1.24) [255].

Prior to initiation of bisphosphonate treat-
ment, particularly with intravenous agents, it is 
important to screen for and correct vitamin D 
deficiency. Bisphosphonates may not be opti-
mally effective in the setting of severe vitamin D 
deficiency. More importantly, intravenous 
bisphosphonate treatment can precipitate symp-
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tomatic hypocalcemia in patients with severe, 
unrecognized vitamin D deficiency [262].

At present, bisphosphonates constitute the 
most promising approach to the prevention of 
transplantation osteoporosis. As with other forms 
of therapy, many issues remain to be resolved. 
These include whether or not they actually pre-
vent fractures, since most studies have been 
under-powered to address this important issue, 
the optimal drug and route of administration, 
whether continuous or intermittent (cyclical) 
therapy should be used, at what level of renal 
impairment these drugs should be avoided, 
whether they are safe in renal transplant recipi-
ents with adynamic bone disease and whether 
they are beneficial in the setting of pediatric 
transplantation.

 Vitamin D and Analogs

Administration of vitamin D or its analogs is 
often recommended after transplantation [263]. 
There are several potential mechanisms by which 
vitamin D and its analogs may influence post- 
transplantation bone loss. They may overcome 
GC-induced decreases in intestinal calcium 
absorption, reduce secondary hyperparathyroid-
ism, promote differentiation of osteoblast precur-
sors into mature cells, or influence the immune 
system and potentiate the immunosuppressive 
action of cyclosporine [264–266].

Since most of the observational studies of 
bone loss after organ transplantation have 
included at least 400 IU of parent vitamin D in 
the post-transplant regimen, it is clear that this 
amount is not sufficient to prevent transplantation 
osteoporosis. In two recent studies, parent vita-
min D, in doses of 800 IU daily [267] or 25,000 IU 
monthly [24] also did not prevent bone loss after 
kidney transplantation.

Active forms of vitamin D may be more effec-
tive. Calcidiol (25-OHD) prevented bone loss 
and increased LS BMD after cardiac transplanta-
tion [268]. Alfacalcidiol (1-α-OHD) prevented or 
attenuated bone loss at the LS and FN when given 
immediately after kidney transplantation [269–
271]. Several investigators have studied the 

effects of calcitriol in transplant recipients. The 
results have been contradictory, although some 
studies have found beneficial effects at doses 
greater than 0.5  μg per day. Sambrook et  al. 
reported that calcitriol (0.5–0.75 mg/d) prevented 
spine and hip bone loss during the first 6 months 
after heart or lung transplantation and was as 
effective as cyclic etidronate [272]. Calcitriol 
given during the first year after kidney transplan-
tation was associated with an increase in LS, FN, 
and forearm BMD [50]. In a stratified, placebo- 
controlled randomized study, heart and lung 
transplant recipients received calcitriol or pla-
cebo for 12 or 24  months after transplantation 
[273]. While LS bone loss was equivalent 
between groups, FN bone loss at 24 months was 
reduced only in the group that received calcitriol 
for the entire period. Although these results sug-
gest that the protective effects of calcitriol are not 
sustained after cessation of treatment, we found 
no bone loss when we discontinued calcitriol 
after the first post-transplant year [246]. In 
another study of renal transplant recipients, inter-
mittent calcitriol and calcium prevented TH but 
not LS bone loss [274]. In contrast, studies of 
long-term kidney [275] and heart transplant 
patients [276] have failed to find any benefit of 
calcitriol. Stempfle et al. found that the addition 
of a small dose to calcitriol (0.25 μg/d) to cal-
cium supplementation and gonadal steroid 
replacement offered no benefit with regard to 
bone loss or fracture prevention after cardiac 
transplantation [128].

Hypercalcemia and hypercalciuria are the 
major side effects of therapy of these agents. 
Either may develop suddenly and at any time dur-
ing the course of treatment. Thus, frequent uri-
nary and serum monitoring may be required. If 
hypercalcemia occurs, it must be recognized and 
reversed promptly because of the adverse effects 
on renal function and the life-threatening poten-
tial of a severely elevated serum calcium concen-
tration. Supplemental calcium and any vitamin D 
preparations should be discontinued until the cal-
cium normalizes. Although one may be tempted 
to permanently discontinue pharmacologic doses 
of vitamin D or its metabolites in view of the nec-
essary serial monitoring and potential dangers, 
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one might also recommence therapy at a lower 
dose. However, given the requirement for serial 
monitoring and the narrow therapeutic window 
with respect to hypercalcemia and hypercalci-
uria, we regard pharmacologic doses of vitamin 
D and its analogs as adjunctive rather than pri-
mary therapy for the prevention and treatment of 
transplantation osteoporosis.

 Denosumab

Denosumab is a monoclonal antibody to nuclear 
factor kappa B ligand that prevents bone resorp-
tion by impairing the development, activation, 
and survival of osteoclasts [277]. It is FDA 
approved for the treatment of glucocorticoid- 
induced osteoporosis. Previous studies have 
shown that denosumab is beneficial to prevent 
bone loss and lowers fracture risk in postmeno-
pausal women and men with osteoporosis. In a 
recent randomized, controlled study that involved 
795 patients with glucocorticoid-induced osteo-
porosis, denosumab (60  mg every 6 months) 
improved BMD at the LS to a greater extent than 
risedronate (35  mg weekly) at 12  months. 
Similarly, the improvement in BMD at the TH 
was greater for denosumab [278].

In another prospective randomized trial, 90 de 
novo kidney transplant patients were assigned to 
receive 2 doses, every 6 months, of either deno-
sumab or placebo beginning at 2 weeks postop-
eratively. After 12  months, denosumab was 
associated with a 4.6% increase in LS BMD 
while the placebo group sustained a 0.5% loss in 
LS BMD [279]. In a subgroup analysis of these 
patients, denosumab also resulted in increased 
volumetric BMD and cortical thickness at tibia. 
With regard to bone strength, micro-finite ele-
ment analysis showed that bone stiffness 
increased significantly at the tibia (median differ-
ence 5.6%) [280].

An increased risk of urinary tract infections 
was also reported in the kidney transplant patients 
who received denosumab treatment. The inci-
dence of other infections was similar between 
patients treated with denosumab and controls 
[279]. Unlike bisphosphonates, denosumab is not 

cleared by the kidney and therefore dose adjust-
ment is not required in CKD setting. However, 
hypocalcemia can be a serious side effect of 
denosumab, particularly in patients with CKD 
[281]. For this reason, serum calcium should be 
closely monitored in patients with CKD who 
receive denosumab.

 Testosterone

Hypogonadism is common in men with chronic 
illness. Moreover, the suppressive effects of 
cyclosporine A and glucocorticoids on the 
hypothalamic- pituitary-gonadal axis often lower 
serum testosterone levels. Although testosterone 
usually normalizes by 6–12 months after trans-
plantation, [132, 133] approximately 25% of men 
evaluated 1–2  years after transplantation will 
have biochemical evidence of hypogonadism. 
Hypogonadism is known to cause osteoporosis in 
men. Moreover, men with low serum testosterone 
concentrations have been shown to lose bone 
more rapidly after cardiac transplantation [132, 
133]. Fahrleitner et  al. found that hypogonadal 
men treated with intravenous ibandronate had 
improved BMD at 1 year if they were treated 
with testosterone compared with those who were 
not replaced [282].

In general, men who are truly hypogonadal, 
with testosterone levels below normal according to 
the laboratory assay utilized, should be treated with 
testosterone. Potential benefits of testosterone ther-
apy include increased lean body mass and hemo-
globin, and improved BMD. Potential risks include 
prostatic hypertrophy, abnormal liver enzymes, and 
acceleration of hyperlipidemia in patients already 
prone to atherosclerosis from hypertension, diabe-
tes, glucocorticoid, and CsA therapy. Therefore, it 
is necessary to monitor serum lipids and liver 
enzymes, and perform regular prostate examina-
tions in men receiving testosterone.

 Resistance Exercise

A few small studies have examined the effects of 
resistance exercise on BMD following heart 
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[283] and lung [284] transplantation. Resistance 
exercise led to significant improvements in LS 
BMD when used alone, and in combination with 
alendronate. The interpretation of these findings 
is limited, however, by the extremely small num-
bers of subjects enrolled and the method used to 
measure BMD (lateral spine), which is highly 
variable, leading to a percent change much 
greater than typically reported.

 Summary and Conclusions

There has been tremendous progress in elucidat-
ing the natural history and pathogenesis of trans-
plantation osteoporosis. It is now clear that a 
substantial proportion of candidates for solid 
organ and bone marrow transplantation already 
have osteoporosis. Prospective longitudinal stud-
ies have provided definitive evidence of rapid 
bone loss and a high incidence of fragility frac-
tures, particularly during the first post-transplant 
year. Vertebral fractures occur both in patients 
with low and those with normal pre-transplant 
BMD, so that it is impossible to predict fracture 
risk in the individual patient. Early post- 
transplantation bone loss (before 6  months) is 
associated with biochemical evidence of uncou-
pled bone turnover, with increases in markers of 
resorption and decreases in markers of formation. 
Later in the post-transplantation course (after 
6 months), concomitant with tapering of gluco-
corticoid doses, bone formation recovers and the 
biochemical pattern is more typical of a high- 
turnover osteoporosis. More recent studies sug-
gest that rates of bone loss and fracture are lower 
than they were before 1995. However, the rates of 
bone loss and fracture following transplantation 
remain unacceptably high. Bisphosphonates are 
the most consistently effective agents for the pre-
vention and treatment of bone loss in organ trans-
plant recipients. Patients should be assessed 
before transplantation and receive treatment for 
prevalent osteoporosis, if present. Primary pre-
vention therapy should be initiated immediately 
after transplantation, as the majority of bone loss 
occurs in the first few months after grafting. The 
lowest possible dosages of glucocorticoid and 

calcineurin phosphatase inhibitors should be 
used for immunosuppression. Long-term trans-
plant recipients should be monitored and treated 
for bone disease as well. With proper vigilance, 
early diagnosis, and treatment, transplant osteo-
porosis is a preventable disease.
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Key Points
• Low-trauma fractures occur much less 

often in premenopausal women than in 
postmenopausal women. In the absence 
of other causes of pathological fracture 
such as malignancy, bone lesion, or 
osteomalacia, low-trauma fractures can 
establish the diagnosis of osteoporosis 
in a premenopausal woman.

• In the context of an ongoing cause of 
bone loss/increased fracture risk, both 
the International Osteoporosis 
Foundation (IOF) and the International 
Society for Clinical Densitometry 
(ISCD) provide guidelines for the use of 
BMD by DXA to define osteoporosis in 
premenopausal women.

• In healthy premenopausal women with-
out a history of low-trauma fracture or a 
known cause of bone fragility, low 
BMD by DXA alone should not be used 
to diagnose osteoporosis. The relation-

ship between BMD and fracture risk has 
not been clearly established by longitu-
dinal studies in this population.

• Measurement of BMD by DXA 
should be performed in young women 
with a health condition that increases 
risk for bone loss/fractures as well as 
in those who have come to medical 
attention in the context of low-trauma 
fracture(s).

• The interpretation of BMD should take 
into consideration the timing of bone 
mass accrual and physiologic changes 
associated with pregnancy and 
lactation.

• The majority of premenopausal women 
with low-trauma fractures have an iden-
tifiable cause of bone fragility; a thor-
ough evaluation is indicated and aims to 
identify potential causes.

• Management approaches should focus 
on treatment of underlying causes 
whenever possible.

• Although pharmacologic therapy is 
rarely necessary in premenopausal 
women, those with an ongoing cause of 
bone loss and those who have had or 
continue to have major low-trauma 
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 Osteoporosis in Premenopausal 
Women

Although osteoporosis occurs most commonly 
after menopause, premenopausal women can 
also present with low-trauma fractures or low 
bone mineral density (BMD). The approach to 
diagnosis and management in this population 
is different than for postmenopausal women. 
This chapter will address special consider-
ations for interpretation of BMD in premeno-
pausal women as well as review definitions and 
epidemiology, and available data regarding eti-
ology, evaluation, and treatment of premeno-
pausal osteoporosis.

 Diagnosis of Osteoporosis 
in Premenopausal Women

 Fractures in Premenopausal Women

Osteoporosis is defined as a condition of reduced 
bone strength and increased risk of fractures. 
The diagnosis of osteoporosis, describing a con-
dition of bone fragility, is most secure in the con-
text of low-trauma fracture(s). Low BMD is not 
required to diagnose osteoporosis in the context 
of low- trauma fracture(s). When there is an 
unusual fracture, other causes of pathological 
fracture such as malignancy, bone lesion, and 

osteomalacia must be ruled out before diagnos-
ing osteoporosis.

 Epidemiology
This is a subheading below Fractures in 
Premenopausal Women Fractures are much less 
common in premenopausal women compared 
to postmenopausal women [1–5]. For example, 
a study of a population in Dorset, England, doc-
umented distal radius fracture incidence of 10 
per 10,000 population per year for premeno-
pausal women. Incidence rose continuously in 
women over age 50 years to a peak of 120 per 
10,000 population per year in women older 
than 85  years [4]. However, though rare, pre-
menopausal fracture is a strong independent 
predictor of future fracture risk. In the Study of 
Osteoporotic Fractures (SOF), ambulatory 
white women with a history of premenopausal 
fractures were 35% more likely to have a frac-
ture during the postmenopausal years compared 
to women without a history of premenopausal 
fracture (p  =  0.001) [2]. The risk was even 
higher in a retrospective cross-sectional study 
of 1284 postmenopausal women in New 
Zealand: self-reported fractures occurring 
between age 20 and 50  years were associated 
with a 74% increased risk of fracture after age 
50 years [5]. In these and other studies [6, 7], 
premenopausal fractures remained a significant 
predictor of postmenopausal fracture risk even 
after controlling for BMD, estrogen use, and 
maternal fracture history.

 Bone Mineral Density 
in Premenopausal Women

In postmenopausal women, assessment of BMD 
by Dual X-ray Absorptiometry (DXA) can be 
used to diagnose osteoporosis, even in the 
absence of fractures. Additionally, in postmeno-
pausal women, DXA is a cornerstone of fracture 
risk prediction models used for therapeutic deci-
sion making. DXA is useful in postmenopausal 
women because of the plethora of longitudinal 
observational and interventional data correlating 
BMD by DXA with fracture incidence in this 

fractures may require pharmacological 
intervention.

• Bisphosphonates and teriparatide have 
been approved for use in premenopausal 
osteoporosis secondary to glucocorti-
coid use.

• Few high-quality clinical trials exist to 
provide guidance on management of 
premenopausal osteoporosis and there 
are currently no available data to estab-
lish that such medication interventions 
reduce the risk of future fractures in pre-
menopausal women.
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population. However, there is a dearth of such 
prospective longitudinal data in premenopausal 
women. As a result, DXA measurement cannot 
be used in the same way to diagnose osteoporo-
sis, predict fracture risk, or determine treatment 
in premenopausal women [8].

Although prospective data relating BMD to 
fracture risk are lacking in premenopausal women, 
studies have used cross-sectional data to examine 
BMD–fracture relationships and have reported 
lower BMD by DXA in premenopausal women 
with fractures. Compared to controls without frac-
tures, premenopausal women with Colles fractures 
had significantly lower BMD at the contralateral 
radius [9], lumbar spine, and femoral neck [10]. 
Stress fractures were also associated with lower 
BMD in female military recruits and athletes com-
pared to controls [11–13]. These studies suggest 
that there is some relationship between low BMD 
and fracture in the premenopausal years; however, 
this relationship is not as well studied as in post-
menopausal women. Because of the lack of cur-
rently available prospective data relating BMD by 
DXA to fracture risk, we are not able to employ 
fracture risk prediction models, such as FRAX, in 
this population.

Given the lower fracture rates in premeno-
pausal women [2, 4, 5] and lack of prospective 
studies correlating BMD to fracture incidence, 
both the International Osteoporosis Foundation 
(IOF) and the International Society for Clinical 
Densitometry (ISCD) recommend against using 
BMD by DXA as the sole guide to diagnosing or 
treating osteoporosis in this population [14]. 
Furthermore, premenopausal women should not 
be routinely screened with DXA for osteoporosis 
[15, 16]. Measuring BMD is only indicated in 
premenopausal women with a history of low- 
trauma fracture and in women with conditions 
known to cause bone loss or increased fracture 
risk (addressed later in this chapter).

 DXA Interpretation and Definition 
of Premenopausal Osteoporosis Based 
on BMD
When BMD by DXA is obtained in premeno-
pausal women, the ISCD recommends compari-
son of the BMD at the lumbar spine, hip, and 

forearm to age-matched norms instead of to young 
premenopausal norms (i.e., use of Z-scores instead 
of T-scores) [16]. A Z-score of −2.0 or below 
should be interpreted as “below the expected range 
for age” and a Z-score of more than −2.0 as 
“within the expected range for age” [16]. The cat-
egory of “osteopenia,” based on T-scores, should 
not be used in premenopausal women.

There are some recommendations that propose 
exceptions to the use of Z-scores in premeno-
pausal women; these pertain to special popula-
tions. In young adults who have completed growth 
and who have an ongoing secondary cause of 
bone loss or a chronic disorder known to affect 
bone mass, the IOF recommends using a T-score 
of ≤ −2.5 at the spine or hip to define osteoporo-
sis [17]. In addition, the ISCD recommends the 
use of T-scores for perimenopausal women [16].

 Definitions of Premenopausal 
Osteoporosis Based on BMD
In young women, the ISCD specifies a BMD- 
based definition of premenopausal osteoporosis 
as the presence of low BMD for age (Z ≤ −2.0) 
together with the presence of risk factors for frac-
ture or secondary causes of osteoporosis [18]. In 
contrast, IOF recommends the use of 
T-score < −2.5 to define osteoporosis in the con-
text of an ongoing secondary cause [17].

The ISCD [16], IOF [19], and other experts 
[20–22] recommend against diagnosing young 
women with osteoporosis based on BMD by 
DXA alone, without a history of fragility fracture 
or secondary cause of osteoporosis.

Idiopathic low BMD is a term that can be used to 
describe low BMD in the absence of a known cause 
and without a history of low-trauma fracture as an 
adult [23]. Because fracture risk is unknown, pre-
menopausal women meeting this definition should 
not be placed into the  diagnostic category of “osteo-
porosis.” However, studies have shown abnormal 
bone microarchitecture in this cohort [23–25].

Using techniques such as high-resolution 
imaging of bone biopsy samples and high- 
resolution central and peripheral CT, normally 
menstruating, healthy premenopausal women 
with idiopathic low BMD have been found to 
have deficiencies in bone microarchitecture 
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including thinner, more widely spaced, and het-
erogeneously distributed trabeculae and thinner 
cortices, as well as lower estimated bone 
strength [23, 24, 26]. These properties were 
comparable to those in a group of concurrently 
recruited premenopausal women with fragility 
fractures and the similarities remained even 
after correcting for the smaller bone size in the 
women with idiopathic low areal BMD but no 
fractures. Caveats of this study are small sample 
size and possible ascertainment bias. Many in 
the idiopathic low areal BMD group had a fam-
ily history of osteoporosis (84%), childhood 
fractures (26%), or high-trauma adult fractures 
(16%), which may have affected their enroll-
ment in the study.

In another observational study, constitutionally 
thin premenopausal women (BMI  <  16.5  kg/m2, 
physiological menstruation and no known systemic 
disease or anorexia nervosa) were found to have 
smaller bone size, lower lumbar and femoral BMD, 
and diminished breaking strength compared to age-
matched women [25].

Although these bone structure studies are small, 
observational, and may not be generalizable to all 
premenopausal women, they suggest that having 
BMD much lower than one’s peers is an asymp-
tomatic stage preceding osteoporosis in premeno-
pausal women. However, for several key reasons, 
low BMD should not be used to make therapeutic 
decisions in premenopausal women without frac-
tures or a known secondary cause. There are no 
longitudinal data on the short-term risk of fracture 
in premenopausal women based on BMD. In addi-
tion, fracture risk is much lower in premenopausal 
women and increases greatly with age. 
Furthermore, early treatment with osteoporosis 
medications may commit young women to a 
higher lifetime cumulative dose of these medica-
tions and expose them to the associated risks.

 Special Considerations Required 
for Interpretation of BMD Results 
in Premenopausal Women

 Peak Bone Mass Accrual
Bone mass accrues during growth and young 
adulthood until peak bone mass is achieved. 

Age at peak bone mass may differ based upon 
gender, [27, 28] ethnicity, [29] body size, men-
archal age, [30, 31] and skeletal site. The high-
est rate of bone mass accretion occurs from age 
11 to 14 in girls [32] and the rate decreases by 
2 years after menarche [27], with at least 90% 
of peak bone mass acquired by the late teen 
years [32–34]. Some studies have observed 
additional bone accrual from age 20 to age 
29  years [35]. In addition, peak bone mass 
accrual may be specific to skeletal site [27], 
with studies suggesting that achievement of 
peak bone mass occurs at the proximal femur 
in women in their twenties and at the spine and 
forearm around age 30 [36]. The amount of 
bone in the skeleton at any time depends on 
whether peak bone mass has been achieved and 
this must be considered when interpreting 
BMD measurements in young premenopausal 
women.

Any process (illness, medication) that per-
turbs bone mass accrual can lead to a peak 
bone mass that is below average and a lower 
BMD by DXA compared to peers. This is also 
true if a woman is genetically predisposed to 
achieve a lower peak bone mass. While the 
attainment of a below-average peak bone mass 
in a premenopausal woman may result in a 
lower “bone bank” from which to withdraw in 
the postmenopausal years, the factors respon-
sible may not persist and may not be ascertain-
able on evaluation pursued years later. In 
addition, the effect on bone microarchitecture 
and strength is uncertain. Furthermore, there 
are no published data comparing bone quality 
in women with low peak bone mass due to 
genetic predisposition to those with secondary 
causes of bone loss.

 Physiologic Changes Associated 
with Pregnancy and Lactation
Pregnancy and lactation are states of high cal-
cium demand leading to large physiologic 
changes in bone mass that must be considered 
when interpreting a woman’s BMD around 
this time. There are rapid, asymptomatic 
decreases in spine and hip BMD during nor-
mal pregnancy/lactation and recovery during 
weaning.
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 Calcium Demand
THis is a subheading UNDER Physiologic 
Changes Associated with Pregnancy and Lactation 
In humans, calcium demands for the growing 
fetus are largely met by a dramatic increase in the 
production of active 1,25(OH)2 vitamin D, lead-
ing to a doubling of intestinal calcium absorption 
during pregnancy [37–39]. However, despite 
these compensatory increases in calcium absorp-
tion, bone mass declines by 3–5% over a typical 
pregnancy [40–42], as evidenced by studies that 
have measured BMD in women before and after a 
pregnancy [40, 43], as well as during pregnancy 
using techniques such as distal radius pQCT and 
heel ultrasound [44, 45].

This physiology and calcium metabolism 
changes drastically during lactation. Compensatory 
intestinal calcium hyper- absorption ceases while 
calcium demands for breast milk production 
increase to 300–400 mg/day. To meet this demand, 
PTHrP, secreted by the mammary glands, mobi-
lizes calcium from the lactating woman’s skeleton 
[46]. Several studies have documented consistent 
and large declines in bone mass during lactation. 
Longitudinal studies of areal BMD by DXA docu-
ment losses at the lumbar spine of 3–10% and at 
the hip of 2–4% over the first 6 months of lactation 
[40, 47–53]. The amount of bone loss during lacta-
tion is more pronounced with longer durations of 
lactation and postpartum amenorrhea [47–49]. In 
addition, changes in serum bone turnover marker 
levels are associated with duration of lactation 
[50]. The total bone loss of 1–3% per month dur-
ing lactation is substantially more rapid than the 
1–3% per year that occurs immediately after 
menopause. However, fractures during this period 
are extremely rare.

 Postpartum Bone Recovery
This is also a subheading UNDER Physiologic 
Changes assoc with Pregnancy and Lactation 
Recovery of bone mass has been documented, 
often after the 6-month postpartum time-point, 
even in the setting of continued lactation [47, 49, 
51]. Milk production and calcium requirements 
decline at this time as the infant begins to eat solid 
food. Menses return at 6–8 months postpartum on 
average [48, 50]. Recovery has been related to 
duration of lactation and return of menses [50].

Both human and rodent studies demonstrate that 
recovery of bone mass after weaning is site spe-
cific, with full recovery at the spine, but only 
partial (or delayed) recovery at the femur [47, 
49, 54–56]. However, current human studies of 
bone mass recovery only include 12–20 months 
of follow-up postpartum. Longer-term follow-
up may further elucidate recovery at different 
sites.

 Effect of Parity and Lactation 
on Postmenopausal BMD  
and Fracture Risk
Although both human and animal studies sug-
gest that some areas of the skeleton may not 
recover completely after pregnancy and lacta-
tion-related losses, the majority of epidemio-
logical studies in humans suggest that the net 
effect of the loss and regain of bone mass during 
and after lactation does not affect postmeno-
pausal bone mass or long-term fracture risk. In a 
number of studies, pregnancy and lactation his-
tory have been associated with a decreased risk 
of osteoporosis or fracture [41, 57–69]. 
Furthermore, conditions such as grand multipar-
ity, repeated pregnancy and lactation without a 
recovery interval, and extended lactation (even 
in the context of subsequent  pregnancy) have 
NOT been associated with lower BMD by DXA 
in cross-sectional comparison to nulliparous 
premenopausal controls [70, 71].

In addition, a recently published study has 
examined these issues in a very large dataset, 
assessing incident fracture rates over a mean of 
7.9  years in 92,980 multiracial US women in 
the Women’s Health Initiative observational 
study on whom pregnancy and lactation history 
was available [72]. In models adjusted for fac-
tors such as years since menopause, family his-
tory of fracture, BMI, estrogen use, calcium 
and vitamin D supplementation, there was no 
significant association of hip fracture incidence 
with age at first birth, number of pregnancies, 
age at first breastfeeding, number of children 
breastfed, and total duration of breastfeeding. 
Breastfeeding for at least 1 month was associ-
ated with a 16% lower risk of hip fracture com-
pared to never breastfeeding (HR 0.84; 95%CI: 
0.73–0.98). However, total duration of breast-
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feeding was not associated with fracture risk. 
In addition, a recent systematic review found 
an overall positive effect of parity on bone 
mineral density and specifically on BMD at the 
total hip [73].

Studies in some regions of the world, how-
ever, show different results [74–76]. A Turkish 
and Chinese study found significant inverse asso-
ciations between duration of lactation and post-
menopausal BMD [74, 75]. A study of the 
Mexican mestizo population showed that breast-
feeding for 24 months or more was significantly 
associated with postmenopausal osteopenia/
osteoporosis. These varying results may be due to 
differences in nutrition and socioeconomic fac-
tors between studied populations.

 Pregnancy and Lactation Associated 
Osteoporosis
Pregnancy and lactation associated osteoporosis 
(PLO) is a severe early presentation of osteopo-
rosis in which young women experience low- 
trauma or spontaneous fractures, most commonly 
vertebral fractures, during late pregnancy or lac-
tation [41, 77–79].

The majority of cases occur in primigravid 
women [79, 80]. Prominent symptoms include 
severe back pain and height loss. Most women 
are otherwise healthy, with no known predispos-
ing condition [42, 79, 81–84]. BMD before preg-
nancy is almost always unknown since there 
would have been no indication to measure it. 
BMD by DXA at presentation is generally 
extremely low [78, 81–92] with Z-scores often 
reported at less than −3.0.

Given the rarity of PLO, natural history of the 
condition is not well delineated. A few case 
reports and small case series have reported data 
over several years of follow-up in untreated 
women after the incident fracture [78, 79, 88]. 
Several reports document recovery of bone den-
sity postpartum, similar to that seen in healthy 
women [78, 83, 88, 93]. However, subsequent 
fracture risk appears to be quite high. In a pro-
spective study in which 107 PLO women at a 
single center were followed for a median of 
6 years after initial fracture, 24% had subsequent 
fractures [80]. Number of fractures at diagnosis 

correlated modestly with future fracture risk 
(r  =  0.56, p  =  0.003). Among 30 women with 
subsequent pregnancy, 20% reported disease 
recurrence (fracture associated with pregnancy), 
even though 76% had received therapy with 
bisphosphonates or teriparatide [80]. Case reports 
have documented PLO patients who had recur-
rent fractures [77, 82, 88] but also those who did 
not have recurrent fractures during subsequent 
pregnancies (in most cases without lactation) [78, 
79, 88, 94, 95].

 Evaluation of Premenopausal 
Women with Low-Trauma Fracture 
and/or Low BMD

 Primary Osteoporosis Diagnosed 
in Adulthood

Several conditions associated with abnormal 
skeletal development and manifestations of 
bone fragility in childhood can have widely 
variable clinical presentations and degrees of 
severity. In rare instances, these conditions may 
lead to symptoms and/or diagnosis in early 
adulthood rather than childhood. Such condi-
tions include osteogenesis imperfecta [96], 
hypophosphatasia (associated with osteomala-
cia), osteoporosis- pseudoglioma syndrome [97, 
98]/LRP5 mutations [99], and Marfan and 
Ehlers-Danlos syndromes.

Age at presentation, severity of disease, and 
other clinical features may lead to evaluation for 
such primary causes of osteoporosis/fracture.

 Secondary Causes of Osteoporosis 
in Premenopausal Women

The majority of premenopausal women with 
low- trauma fractures have an identifiable cause 
of bone fragility. Causes may include condi-
tions interfering with bone mass accrual or 
ones leading to ongoing bone loss after peak 
bone mass accrual. In a Minnesota population 
study of men and women 20–44 years old with 
osteoporosis, 90% were found to have a sec-
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ondary cause [100]. At tertiary care referral 
centers, 48–53% of cases of premenopausal 
osteoporosis had secondary causes [101–103]. 
Lower rates of identifiable secondary causes at 
tertiary care centers may be because a greater 
number of unexplained cases are referred to 
the specialists.

The most common secondary causes of pre-
menopausal osteoporosis include prolonged 
glucocorticoid exposure, estrogen deficiency, 
gastrointestinal illnesses causing malabsorp-
tion, hyperthyroidism, and other medication 
exposure. Table 23.1 provides a list of catego-
ries of potential secondary causes and specific 
disorders within each category. Some condi-
tions such as anorexia nervosa and inflamma-

tory bowel disease cause osteoporosis through 
multifactorial mechanisms (i.e., malnutrition, 
estrogen  deficiency, other hormone abnormali-
ties, inflammation).

It is important to perform a thorough workup 
for secondary causes of premenopausal osteopo-
rosis because treatment of many of these condi-
tions has been associated with gains in 
BMD. Although data specific to premenopausal 
women is not available in each case, these reme-
diable conditions include hypercortisolism 
(endogenous and iatrogenic), hyperparathyroid-
ism [112], celiac disease [113–115], estrogen 
deficiency, hypercalciuria, [116] and Crohn’s dis-
ease [117].

 Evaluation of Premenopausal Women 
with Low-Trauma Fracture  
and/or Low BMD
Evaluation of low-trauma fracture and/or low 
BMD in premenopausal women should begin 
with a detailed history and physical exam, which 
often reveal a secondary cause, and may rarely 

Table 23.1 Causes of osteoporosis in premenopausal 
women

Any disease affecting bone mass accrual during puberty 
and adolescence.
Medications (not all have been studied in 
premenopausal populations)
  Glucocorticoids.
  Calcineurin inhibitors (e.g., cyclosporine).
  Antiepileptic drugs (particularly cytochrome P450 

inducers such as carbamazepine and phenytoin).
  Chemotherapeutic drugs (particularly high-dose 

methotrexate).
  Heparin: Unfractionated heparin is associated with 

both BMD loss and increased fracture risk [104–
108]. Low molecular weight heparin is not known to 
increase fracture risk but exposure for >3 months is 
associated with decreases in BMD [109–111].

  Proton pump inhibitors.
  Excess vitamin A intake.
  Thiazoledinediones.
Estrogen deficiency
  Pituitary diseases and hypothalamic amenorrhea
  Medications leading to suppression of ovulation and 

amenorrhea
   GnRH agonists (when used to suppress ovulation)
   Depot medroxyprogesterone acetate (DMPA)
   Chemotherapy leading to amenorrhea
  Anorexia nervosa (osteoporosis in this condition is 

likely to be related to several hormonal and 
nutritional abnormalities)

Other endocrinopathies and abnormalities of calcium 
metabolism
  Cortisol excess/Cushing syndrome
  Hyperthyroidism
  Primary hyperparathyroidism
  Primary Hypercalciuria

Table 23.1 (continued)

Gastrointestinal/nutritional
  Significant vitamin D, calcium, and/or other nutrient 

deficiency
  Gastrointestinal malabsorption
   Celiac disease
   Inflammatory bowel disease
   Cystic fibrosis
   Postoperative states (e.g., roux-en-Y gastric 

bypass)
Inflammatory conditions
  Rheumatoid arthritis
  SLE
Connective tissue diseases/Primary osteoporosis
  Osteogenesis imperfecta
  Ehlers-Danlos syndrome
  Marfan syndrome
Other conditions:
  Renal osteodystrophy
  Liver disease (particularly cholestatic liver disease)
  Alcohol use disorder
  HIV infection and/or medications
  Gaucher disease
  Mastocytosis
  Hereditary hemochromatosis
  Thalassemia major
  Diabetes (Type 1 and 2)
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reveal a primary cause. The history should 
encompass questions related to the common 
causes of low-trauma fractures including child-
hood and adult illnesses, medication exposures, 
GI symptoms, diet and exercise history, nephroli-
thiasis and family history of fractures, osteoporo-
sis or nephrolithiasis. It should also include a 
menstrual history and a complete pregnancy and 
lactation history. Some common secondary eti-
ologies of osteoporosis may have manifestations 
detectable on physical examination, for example, 
eating disorders, hyperthyroidism, hypercorti-
solism, and malabsorption. In addition, features 
of connective tissue diseases/primary forms of 
osteoporosis, such as joint hyperlaxity, blue 
sclerae, and dentogenesis imperfecta, should be 
sought in the physical exam. Following the his-
tory and exam, a basic laboratory evaluation 
should be conducted with additional laboratory 
assays pursued as indicated (see Table 23.2). The 
initial laboratory evaluation could include an 
electrolyte panel, complete blood count, 25-OH 

vitamin D (severe deficiency may prompt an 
investigation for osteomalacia), liver function 
tests including alkaline phosphatase, TSH, PTH, 
and 24 hour urine calcium and creatinine as well 
as cortisol if clinically indicated. Like the history 
and physical exam, the objective is to identify 
common underlying disorders leading to frac-
tures or low BMD. Abnormalities on initial eval-
uation can often guide additional testing.

In addition, in young women with fragility 
fractures, obtaining serial DXAs can identify 
whether there is ongoing bone loss in addition to 
possible suboptimal bone accrual. If BMD contin-
ues to decline, secondary causes should be aggres-
sively sought out and intervened upon if possible.

 Bone Turnover Markers
Bone turnover markers such as C-telopeptide, 
N-telopeptide, bone-specific alkaline phosphatase 
and osteocalcin have limited utility in premeno-
pausal women because elevations may be due to 
various processes. Elevations may indicate active 
bone modeling in young adulthood, ongoing bone 
loss, or bone remodeling after a fracture.

 Bone Biopsy
In rare cases, a trans-iliac crest bone biopsy may 
be useful in elucidating the mechanism of fragil-
ity fractures or low BMD. Bone biopsy reveals 
the microarchitectural features of bone. In addi-
tion, tetracycline labeling allows for calculation 
of bone formation rate and other dynamic param-
eters. Bone biopsy can help differentiate between 
different kinds of renal osteodystrophy, rule out 
osteomalacia, and uncover rare causes of bone 
fragility involving bone marrow changes, such as 
Gaucher disease or mastocytosis.

 Idiopathic Osteoporosis (IOP)
If no known etiology of low-trauma fracture is 
uncovered after thorough investigation, premeno-
pausal women with such fracture(s) are defined as 
having idiopathic osteoporosis (IOP). The mean 
age at diagnosis of IOP is 35 years. Fractures can 
manifest as a single low-trauma fracture of the 
hip, spine, or long bone or as multiple fractures 
(vertebral and nonvertebral) occurring over 
5–15  years [100, 102, 118]. Women presenting 

Table 23.2 Laboratory evaluation

Initial laboratory evaluation
Electrolytes including creatinine and estimated GFR
Complete blood count
Serum calcium, phosphate
Serum albumin, transaminases, total alkaline 
phosphatase
Serum TSH
Serum PTH
Serum 25-hydroxyvitamin D
24 h urinary calcium and creatinine
Additional laboratory evaluation
Estradiol, LH, FSH, prolactin
Bone-specific alkaline phosphatase
24 h urinary free cortisol (or dexamethasone 
suppression test)
Iron studies (Iron/TIBC, ferritin)
Celiac screen (serum serologies)
Serum/urine protein electrophoresis
ESR or CRP
Vitamin A/retinol level
Specific testing for rare conditions such as osteogenesis 
imperfecta, Gaucher disease, hypophosphatasia, or 
mastocytosis, if clinically indicated
Bone turnover markers (C-telopeptide, N-telopeptide, 
bone-specific alkaline phosphatase, osteocalcin)
Invasive testing
Transiliac crest bone biopsy
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with IOP are predominantly Caucasian and often 
have a family history of osteoporosis [100, 102, 
119]. Compared with controls, these women have 
been found to have lower weight and height in 
some studies [118, 120, 121].

Premenopausal women with IOP exhibit mea-
surable microarchitectural deficiencies in com-
parison to controls. As assessed by both 
high-resolution peripheral quantitative computed 
tomography (HRpQCT)24 and bone biopsy [23], 
premenopausal women with IOP have lower vol-
umetric BMD, fewer and heterogeneously dis-
tributed trabeculae, greater trabecular separation, 
thinner cortices, and reduced bone stiffness 
assessed by finite element analysis. Even after 
controlling for bone size, age, and BMI, these 
differences remain [26].

Etiology of osteoporosis in these normally 
menstruating women has not been clearly 
related to estrogen exposure. One study has 
found lower follicular phase estradiol levels in 
IOP women [120], though this was not seen in 
other studies [118, 121].

Tissue-level bone remodeling rate is quite 
variable in IOP, suggesting diverse pathogeneses 
of fracture in this population [23]. A subgroup of 
IOP women with low bone formation rate had the 
most severe microarchitectural deficits. IGF-1 
levels were elevated in this low-turnover group, 
suggesting the possibility of osteoblast resistance 
to IGF-1. Although frank hypercalciuria was con-
sidered a secondary cause and would have led to 
exclusion from this study of idiopathic osteopo-
rosis, a high bone remodeling group had high 
serum 1,25(OH)2D and mildly elevated 24 hour 
urinary calcium, a pattern resembling idiopathic 
hypercalciuria [23].

 Treatment Considerations 
for Premenopausal Women 
with Low-Trauma Fractures  
and/or Low BMD

Little data exist to guide treatment of women 
with premenopausal osteoporosis and low 
BMD.  Some lifestyle modifications (described 
below) are appropriate for all women with low 

BMD, but additional pharmacologic therapy is 
only recommended in a subset of patients, 
namely, those with a history of fragility fractures, 
as well as some women with low bone mass and 
an ongoing secondary cause of osteoporosis that 
cannot be mitigated.

 Treatment Considerations

 Idiopathic Low Bone Mineral Density
In premenopausal women with isolated low 
BMD, no fractures, and no known secondary 
cause after thorough evaluation, pharmacologi-
cal therapy is rarely indicated. Although these 
women may have bone microarchitectural 
abnormalities underlying their low BMD, [23, 
24] currently available data suggest that they 
usually have stable BMD, [122] and a low 
short-term risk of fracture. BMD should be 
measured at 1–2- year intervals to identify 
women with declining BMD.  Follow-up mea-
surements may provide guidance as to the 
necessity of continued evaluation for secondary 
causes, or therapy if ongoing losses are docu-
mented, particularly in the context of extremely 
low BMD (e.g., Z-score < −3).

 Premenopausal Women with IOP 
and History of Fractures
In premenopausal women with a history of low- 
trauma fracture, and no known cause found after 
extensive evaluation, the use of medications to 
decrease fracture risk should be considered on a 
case-by-case basis. In our opinion, the use of 
such medications should be reserved for women 
with a history of major fractures of the spine or 
hip, multiple fractures, and/or declining 
BMD. Few data are available to delineate the spe-
cific risks or benefits of osteoporosis medications 
in women with IOP.

 Premenopausal Women with Low BMD 
or Fractures Related to a Known 
Secondary Cause
In premenopausal women with low BMD or low- 
trauma fractures and a known secondary cause of 
osteoporosis, the first goal of management should 

23 Osteoporosis in Premenopausal Women



458

be to address the underlying cause: estrogen 
replacement for those with estrogen deficiency, 
gluten-free diet for celiac disease [113–115], nutri-
tional rehabilitation and weight gain for anorexia 
nervosa [123], parathyroidectomy for primary 
hyperparathyroidism [112], and management of 
hypercortisolism [124]. These cited studies evalu-
ate premenopausal patients to varied degrees. 
Although thiazides are used for idiopathic hyper-
calciuria, and appear to have beneficial effects on 
BMD in men [116], few data are available in young 
women. In some women, it may not be possible to 
eliminate the cause, such as those with primary 
osteoporosis (e.g., osteogenesis imperfecta) or 
those requiring long-term glucocorticoids. Thus, 
pharmacological therapy may be necessary. 
Options for treatment are reviewed below.

 Treatment Options

 Lifestyle Modifications
For all patients, it is appropriate to recommend 
adequate weight-bearing exercise [125] as well 
as lifestyle modifications such as smoking cessa-
tion and avoidance of excess alcohol. Exercise 
has been shown to lead to improvements in BMD 
in premenopausal women [126]. There is debate 
about the appropriate amount of calcium and 
vitamin D to recommend to premenopausal 
patients. The 2011 guidelines from the Institute 
of Medicine [127] recommend a total of 1000 mg 
of calcium (from diet and supplements) and 
600 IU of vitamin D for premenopausal women. 
The more recent US Preventive Services Task 
Force (USPSTF) recommendations on calcium 
and vitamin D supplementation conclude that 
there is currently insufficient evidence to assess 
the risks and benefits of supplementation for pri-
mary fracture prevention in premenopausal 
women [128]. Ultimately, recommendations 
should be tailored to the individual based upon 
evaluation of calcium metabolism. Exercise rec-
ommendations must also be tailored to the indi-
vidual patient, since excessive exercise in 
premenopausal women may lead to weight loss 
and/or hypothalamic amenorrhea, exacerbating 
low bone density.

 Combination Oral Contraceptives
Replacement of estrogen in premenopausal 
women who are estrogen deficient may have 
beneficial effects on bone mass [129–131], 
although oral reproductive hormone replace-
ment has been shown to be ineffective in most 
studies examining bone mass in anorexia ner-
vosa, a more complex condition [123, 130, 
132]. Studies of oral contraceptives in healthy 
premenopausal women without known preex-
isting estrogen deficiency have examined vary-
ing estrogen doses in populations of different 
ages. The majority of these studies show no 
effect of oral contraceptives on bone mass 
[130, 133, 134] or fracture risk [135]; however, 
some have documented an adverse effect of 
low-dose (<30 μg ethinyl estradiol) oral con-
traceptives on bone mass in young women 
[136–138]. A large case-control study from the 
UK showed that women without fractures were 
significantly more likely to have used oral con-
traception, [139] but there is inconclusive evi-
dence for a causative role of oral contraceptives 
in decreasing fracture risk [135, 140].

 Selective Estrogen Receptor 
Modulators
Selective estrogen receptor modulators (SERMS), 
such as raloxifene, should not be used to treat 
bone loss in menstruating women since they 
block estrogen action on bone and lead to further 
bone loss [141]. Similar effects have been noted 
with tamoxifen [142].

 Bisphosphonates
Bisphosphonates have been shown to improve 
BMD in premenopausal women with several 
different conditions including in breast cancer 
treatment- induced bone loss, anorexia nervosa, 
and glucocorticoid-induced bone loss [77, 143–
147]. Additionally, bisphosphonates have been 
shown to improve BMD in young adults with 
conditions such as cystic fibrosis, osteogenesis 
imperfecta, and thalassemia [148–150], but 
premenopausal women have not been specifi-
cally studied. Two bisphosphonates, alendro-
nate and risedronate, have been approved by the 
United States Food and Drug Administration 
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(US FDA) for use in premenopausal women 
receiving glucocorticoids and a discussion spe-
cific to the case of glucocorticoid-induced 
osteoporosis is provided below. However, even 
though trials show favorable short-term BMD 
outcomes, fracture data are rarely available and 
long-term risks in premenopausal women are 
unknown.

The choice to prescribe bisphosphonates in 
younger women who may have many years of 
medication exposure must take into account 
our increasing concerns about the potential 
risks of long-term use of these agents, includ-
ing osteonecrosis of the jaw and atypical sub-
trochanteric femoral fractures [151]. In young 
women, plans for duration of bisphosphonate 
use must be discussed as part of the process of 
initiation of this therapy, and the goal should 
be for the shortest possible duration of bisphos-
phonate use.

Bisphosphonates carry a Category C rating 
for safety in pregnancy from the US FDA 
because they accumulate in the skeleton, cross 
the placenta, and accumulate in the fetal skeleton 
in a rat model, and have been reported to cause 
toxic effects in pregnant rats [152]. Human data 
on bisphosphonates in pregnancy are largely 
anecdotal. Although one report documented 
transient neonatal hypocalcemia and bilateral 
talipes equinovarus in two neonates [153], sev-
eral other reports have documented no adverse 
maternal and fetal outcomes [77, 154, 155]. It is 
recommended that effective contraception be 
utilized during bisphosphonate use, and it must 
be recognized that the potential for adverse 
effects from bisphosphonates remains even after 
these medications are discontinued, as they can 
remain in the skeleton for years. With these 
known risks, bisphosphonates should be used 
with caution in women who may have future 
pregnancies.

 Denosumab
Denosumab is a RANK ligand inhibitor that is 
currently FDA approved for the treatment of 
osteoporosis only in postmenopausal women and 
men. The efficacy and safety of this medication 
have not been defined in premenopausal women.

 Human PTH(1-34)/Teriparatide
Teriparatide or PTH(1-34), a recombinant form 
of PTH, has been FDA-approved for the treat-
ment of osteoporosis in postmenopausal women 
and men who are at high risk for fracture, as well 
as in patients with sustained systemic glucocor-
ticoid therapy (at least 5 mg prednisone per day) 
who have osteoporosis, and who are at high risk 
for fracture. This medication has been studied in 
premenopausal women, with evidence of BMD 
improvements when used to treat patients with 
glucocorticoid-induced osteoporosis, anorexia 
nervosa, pregnancy and lactation-associated 
osteoporosis, and idiopathic osteoporosis [156–
159].In a placebo-controlled study of 21 women 
with anorexia nervosa and T-score ≤ −2.5 (mean 
age 47 years), 10 women treated with teripara-
tide had significant improvements in spine BMD 
at 6  months, compared to 11 women who 
received placebo (spine BMD increase 6.0% vs. 
0.2%; p <0.01) [156].

In patients with glucocorticoid-induced 
osteoporosis, premenopausal women treated 
with teriparatide have greater improvements in 
lumbar spine BMD compared to those treated 
with alendronate (see discussion of glucocorti-
coid-induced osteoporosis in premenopausal 
women, below) [158].

In young women treated with the GnRH ana-
logue nafarelin to produce ovarian suppression 
for the treatment of endometriosis, spine BMD 
declined by 4.9%, while those treated with 
PTH(1-34) 40  μg daily together with nafarelin 
had an increase of 2.1% (p <0.001) [160]. It is not 
clear whether these results would apply to pre-
menopausal women with osteoporosis and nor-
mal gonadal status.

In an observational study of teriparatide 
20 μg daily in 21 premenopausal women with 
IOP, BMD increased by 10.8% at the lumbar 
spine and 6.2% at the total hip (both p <0.001) 
after 18–24 months of treatment [159]. However, 
a small subset (4 of the 21) had little or no 
increase in BMD and were considered nonre-
sponders. Nonresponders had markedly lower 
tissue-level baseline bone formation rate. 
Additionally, an examination of bone turnover 
markers over the course of treatment in these 
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women suggested that the nonresponders lacked 
evidence of the “anabolic window” (an increase 
in bone formation that precedes the increase in 
bone resorption) that usually characterizes 
response to this osteo-anabolic agent [159]. 
While the resorption marker C-telopeptide rose 
comparably in responders and nonresponders, 
the peak rise in the bone formation marker PINP 
(N-terminal propeptides of procollagen type 1) 
was both blunted and delayed in the nonre-
sponders. In a randomized, double-blind pla-
cebo-controlled single switch-over trial of 
teriparatide 20  μg daily in 41 premenopausal 
women with IOP, subjects randomized to teripa-
ratide during the first 6 months gained signifi-
cantly more BMD at the spine than those 
receiving placebo (5.5 ± 4.2% vs. 1.8 ± 4.0%; 
p  =  0.01) [161]. As in the prior observational 
study, response was quite variable, and some 
women did not respond to teriparatide [161].

As is the case with bisphosphonates, there are 
no available data to demonstrate that teriparatide 
reduces fracture risk in these populations.

Because the long-term effects of teriparatide 
in young women are not known, use of this medi-
cation should be reserved for those at highest risk 
for fracture or those who are experiencing recur-
rent fractures. In young women less than 25 years 
of age, documentation of fused epiphyses is rec-
ommended prior to consideration of teriparatide 
treatment, since continued bone growth is con-
sidered a contraindication to use of this 
medication.

Bone mass declines after cessation of teripara-
tide in postmenopausal women who do not 
receive an antiresorptive [162, 163]. Hormone 
replacement therapy appears to prevent bone loss 
after cessation of PTH treatment in postmeno-
pausal women [164, 165]. However, normal pre-
menopausal estrogen levels in women with IOP 
appear insufficient to prevent bone loss after 
teriparatide cessation. Over 1–2 years after terip-
aratide discontinuation, BMD declined by 
4.8  ±  4.3% (p  <0.001) in untreated premeno-
pausal women with IOP [166], suggesting that 
antiresorptive therapy will be required to prevent 
bone loss after teriparatide cessation, even in 
women with no known cause of bone loss.

 PTHrP (1-34)/Abaloparatide
Abaloparatide is an analogue of PTHrP currently 
FDA approved for the treatment of osteoporosis 
in postmenopausal women at high risk for frac-
ture. There are no data on the efficacy or safety of 
abaloparatide in premenopausal women. The cur-
rent label states that “TYMLOS is not indicated 
for use in females of reproductive potential.”

 Additional Specific Clinical Scenarios

 Pregnancy and Lactation-Associated 
Osteoporosis
PLO is a rare but serious condition, and the 
majority of data regarding management comes 
from case reports and small uncontrolled studies. 
BMD gains, even up to 10–20% [47, 49, 83, 88], 
are expected as part of the natural recovery of 
BMD losses associated with pregnancy/lactation. 
Thus, in the absence of placebo-controlled trials, 
it is hard to assess the contribution of medical 
interventions versus the natural course of BMD 
improvements postpartum.

Bisphosphonates have a potential role in the 
management of PLO, after delivery and weaning, 
as demonstrated by several case reports that have 
documented improvements in BMD after 
bisphosphonate use [42, 89, 90, 167, 168]. In one 
uncontrolled study, five women with PLO- 
associated vertebral fractures who were treated 
with bisphosphonates within 2 years of presenta-
tion demonstrated a 23% spinal BMD improve-
ment at 24  months [77]. Given the absence of 
RCTs using bisphosphonates, and the potential 
safety risks of bisphosphonates in premenopausal 
women, the recommendation for bisphospho-
nates remains unclear.

Uncontrolled case reports have also shown 
that teriparatide can improve BMD in patients 
with PLO [81, 82, 86, 169]. One observational 
study of 27 women with PLO and multiple frac-
tures demonstrated improvements in lumbar 
spine BMD at 12 months in patients who were 
treated with teriparatide (16 ± 7%), which was a 
greater BMD improvement than that seen in the 
five women in the study who chose not to receive 
treatment (8 ± 7%) [157]. This study provides the 
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first comparison to an untreated group; results 
support an augmentation of natural BMD recov-
ery associated with teriparatide treatment. Studies 
in postmenopausal and premenopausal women 
have shown BMD declines after cessation of 
teriparatide, necessitating follow-up consolida-
tion therapy [170]. It is not clear whether a simi-
lar approach is needed in women with PLO.

 Osteogenesis Imperfecta in Adults
Osteogenesis imperfecta (OI) is a heterogeneous 
disorder with widely variable disease severity. 
Although most affected patients are diagnosed in 
childhood, fractures leading to diagnosis of OI 
can occur in young adulthood. Fewer data are 
available to guide treatment in adults with OI 
than in children with OI. Studies have been small, 
and thus do not definitively address fracture end-
points [150].

Bisphosphonates have been evaluated in ran-
domized and non-randomized studies in adult OI 
patients [171–177]. Both oral and IV bisphos-
phonates have been consistently associated with 
increases in both spine and hip BMD. However, 
only one study has documented a reduction in 
fracture rate in adults, and only in a subgroup 
with types iii/iv OI [172].

In a randomized controlled trial including 79 
adult (predominantly type 1) OI patients, teripa-
ratide treatment over 18 months was associated 
with significant increases in spine and hip BMD, 
but no difference was seen in self-reported frac-
tures [178]. In a recent multicenter randomized 
trial comparing teriparatide to the amino- 
bisphosphonate neridronate in adult OI patients, 
teriparatide treatment was associated with larger 
BMD gains and a trend for reduced fractures dur-
ing follow-up (p = 0.1) [179].

 Hypophosphatasia in Adults
Hypophosphatasia is also a very heterogeneous 
disorder with widely variable disease severity. In 
adults, hypophosphatasia, an inborn error of 
metabolism due to mutation of the gene- encoding 
tissue nonspecific alkaline phosphatase, can pres-
ent as osteomalacia, chondrocalcinosis, and/or 
stress fractures. Some case reports document 
potential risks of bisphosphonate treatment in 

these subjects [180], and some case reports docu-
ment efficacy of teriparatide [181, 182]. Enzyme 
treatment for hypophosphatasia is now FDA 
approved (asfotase alfa), but there are no currently 
available guidelines for treatment in adults [183].

 Glucocorticoid-Induced Osteoporosis 
(GIOP)
Glucocorticoids can lead to decreased reproduc-
tive hormone production and menstrual irregu-
larities. Thus, it is reasonable to consider estrogen 
replacement as an initial management step in 
those with hypogonadism in the setting of gluco-
corticoid exposure.

For patients on long-term steroids, the 2017 
American College of Rheumatology Guideline 
for Prevention and Treatment of Osteoporosis 
[184] recommends risk stratification of patients 
based on history of fractures, age, amount, and 
duration of glucocorticoid use. Given that dura-
tion of steroid use, and steroid dosing, can both 
be factors in propensity for bone loss, general 
principles include minimizing patients’ steroid 
exposure by using the smallest dose possible for 
the shortest duration, and treatment with calcium 
and vitamin D supplementation [185]. Due to the 
potential for glucocorticoid interference with 
vitamin D absorption, patients taking glucocorti-
coids may require higher doses of vitamin D than 
the average population [186, 187].

Among bisphosphonates, alendronate and 
risedronate have been approved by the United 
States Food and Drug Administration (US 
FDA) for use in premenopausal women receiv-
ing glucocorticoids. However, relatively few 
premenopausal women participated in the rel-
evant large registration trials for bisphospho-
nates in glucocorticoid- induced osteoporosis 
and none of the premenopausal women in those 
trials fractured [188–190]. A few studies have 
specifically evaluated premenopausal women 
with autoimmune and connective tissue dis-
eases, and have demonstrated protective effects 
of intermittent cyclical etidronate and oral 
pamidronate [145, 146]. Guidelines from the 
American College of Rheumatology suggest 
that treatment be considered for glucocorti-
coid-induced osteoporosis in premenopausal 
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women at moderate to high fracture risk: those 
with prior osteoporotic fracture, or those with 
very low BMD (Z-score  < −3) or very rapid 
bone loss AND continuing glucocorticoid 
treatment at ≥7.5 mg of prednisone or equiva-
lent per day for ≥6  months [185]. Treatment 
with oral bisphosphonates or teriparatide are 
preferred in this population, with consideration 
of longer-acting medications only in special 
circumstances [185].

As discussed above, teriparatide has been 
examined in patients with glucocorticoid-induced 
osteoporosis. In an 18-month randomized double- 
blind trial comparing teriparatide to alendronate 
in over 400 men and women with osteoporosis 
(ages 22–89 years) and glucocorticoid exposure 
≥5 mg/day prednisone equivalent for ≥3 months, 
teriparatide 20  μg daily increased BMD and 
reduced vertebral fracture incidence to a greater 
extent than alendronate [191]. In a prespecified 
analysis of that study, Langdahl et al. compared 
the effects of alendronate and teriparatide on 
BMD according to gender and menopausal status 
[192]. In the 62 premenopausal women included, 
mean percent increases from baseline in lumbar 
spine BMD were significantly greater in the 
teriparatide than in the alendronate group (7.0% 
vs. 0.7%, p  <0.001), similar to the findings in 
men and postmenopausal women. No new verte-
bral fractures were seen in either premenopausal 
treatment group, and there was no significant dif-
ference in the number of patients with nonverte-
bral fractures. As noted above, fractures were 
also absent in the premenopausal women in 
short-term clinical trials comparing alendronate 
or risedronate versus placebo in women on glu-
cocorticoids [189, 190].

 Summary and Conclusions

Most premenopausal women with low-trauma 
fracture(s) or low BMD have a known secondary 
cause of osteoporosis or bone loss. Women who 
present with unexplained fractures or low BMD 
should have a thorough clinical and laboratory 
evaluation to search for secondary causes of frac-
tures and/or bone loss. The focus of management 

should be treatment of the underlying cause, 
where possible. Although pharmacologic therapy 
is rarely necessary in premenopausal women, 
those with an ongoing cause of bone loss and 
those who have had or continue to have major 
low-trauma fractures may require pharmacologi-
cal intervention, such as bisphosphonates or 
teriparatide. Few high-quality clinical trials exist 
to provide guidance and there are no data that 
such intervention actually reduces the risk of 
future fractures.
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Safety Considerations 
for Osteoporosis Therapies

Lianne Tile and Angela M. Cheung

 Introduction

Osteoporosis and resulting osteoporotic fractures 
are responsible for significant morbidity, excess 
mortality, and health care costs in both men and 
women in the developed world [1]. Medical ther-
apy for osteoporosis has been shown in multiple 
randomized controlled trials to reduce the risk of 
vertebral, nonvertebral, and hip fractures, and in 
some studies has been found to improve survival. 
Although the overall benefit-to-risk ratio of 
osteoporosis medications remains very favorable, 
there have been concerns raised over the past 

decade about the safety of these treatments [2–6]. 
This chapter reviews the safety considerations for 
medications used to treat osteoporosis, and pro-
poses an approach to decision making regarding 
the duration of use of osteoporosis medications.

 Antiresorptive Therapies

Antiresorptive medications, specifically the ami-
nobisphosphonates and the RANK ligand inhibi-
tor denosumab, are the most commonly used 
first-line medications for the treatment of osteo-
porosis and reduction of fracture risk. These 
medications are generally well tolerated, and 
have few short-term risks. Although the initial 
randomized controlled trials of oral and intrave-
nous (IV) bisphosphonates and subcutaneous 
denosumab indicated a favorable safety profile, 
post-marketing surveillance has subsequently 
raised concerns about serious risks associated 
with long-term use of these medications, specifi-
cally atypical femur fractures (AFFs) and osteo-
necrosis of the jaw (ONJ).

 Bisphosphonates

Aminobisphosphonates (alendronate, risedro-
nate, ibandronate, IV zoledronic acid) have been 
in widespread use to treat osteoporosis and 
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Key Points
• Osteoporosis medications are well toler-

ated and safe for the majority of patients.
• There are some rare serious adverse 

effects, such as osteonecrosis of the jaw 
and atypical femur fractures.

• Risks and benefits of treatment and opti-
mal duration of treatment should be 
weighed for each patient when consid-
ering osteoporosis medications.
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reduce the risk of low-trauma fractures since 
1995, when alendronate was first approved for 
use. They remain first-line therapies in all major 
clinical practice guidelines for the treatment of 
osteoporosis, as they have been shown to reduce 
the risk for vertebral, nonvertebral, and hip frac-
tures in postmenopausal women, men, and in 
glucocorticoid-induced osteoporosis. Initial stud-
ies documented adverse effects such as musculo-
skeletal pain, acute phase reaction, esophagitis, 
and GI upset. Subsequent to their widespread 
adoption for treatment of osteoporosis, two rare 
but serious adverse events have been docu-
mented: atypical femur fracture and osteonecro-
sis of the jaw. These risks of treatment have 
received widespread attention in the medical lit-
erature and in the lay media, and have led physi-
cians and patients to question and even 
discontinue treatment, leading to an increasing 
care gap in osteoporosis. Safety concerns with 
these medications have led to questions about the 
optimal approach to the use of bisphosphonate 
therapy and the optimal duration of treatment.

 Atypical Femur Fracture
AFFs are stress fractures originating in the lateral 
shaft of the femur. These fractures have been doc-
umented in patients with and without bisphospho-
nate treatment. They were initially described in a 
case report in 1978, when Richardson and col-
leagues reported on unusual fractures associated 
with osteoporosis in premenopausal women [7]. 
This was before highly potent bisphosphonates 
were in use. In 1985, Orwoll and McClung 
described a similar type of stress fracture in 
patients with low bone turnover osteoporosis [8]. 
After bisphosphonates were introduced in the 
mid-1990s for the prevention and treatment of 
osteoporosis, there was widespread adoption of 
these medications. In 2005, Odvina and col-
leagues, in a case series, documented nine patients 
who had spontaneous non-spinal fractures while 
taking alendronate, and four of those were femur 
fractures [9]. These authors concluded that their 
findings raise the possibility that severe suppres-
sion of bone turnover leading to fracture may 
develop during long-term alendronate therapy. In 
2011 Wang and Bhattacharyya published an anal-

ysis of typical and atypical femur fractures associ-
ated with bisphosphonate use in the United States 
in the decade after aminobisphosphonates were 
introduced. They estimated that for every 100 or 
so reductions in typical osteoporotic femur frac-
tures, there was an increase of one subtrochanteric 
fragility fracture, now called an AFF [10]. 
Similarly, Meier and colleagues described a 47% 
reduction in classic fractures, but a significantly 
increased risk of AFFs of 10.7% per year, with 
bisphosphonate use [11]. They found that longer 
duration of bisphosphonate treatment was associ-
ated with higher risk of AFFs.

Subsequent epidemiologic studies have con-
firmed the association between bisphosphonates 
and AFFs, and have helped to clarify the inci-
dence of these rare complications. Data from the 
Institute for Clinical Evaluative Sciences in 
Ontario, Canada estimated an incidence of AFF 
of 1–2 per thousand patient years after 6–7 years 
of bisphosphonate treatment [12]. Dell, based on 
data from Kaiser Permanente in California, esti-
mated risk of 1  in 1000 patient years after 
8–9.9  years of continuous bisphosphonate use 
[13]. This study also demonstrated a dramatic 
increase in risk after 8  years of continuous 
bisphosphonate use as compared to a shorter 
duration of treatment. Subsequently, a system-
atic review concluded that bisphosphonate expo-
sure was associated with an increased risk of 
AFFs, with an adjusted relative risk of 1.70 [14].

Although bisphosphonate treatment is associ-
ated with AFFs, many people who take long-term 
bisphosphonates do not suffer AFFs. In order to 
use bisphosphonates as safely as possible, there 
is interest in identifying risk factors for the devel-
opment of AFFs. Observational studies have doc-
umented a significantly increased risk of AFF in 
women in comparison with men. AFFs appear to 
be more common in Asian women than white 
women, and this may be related to differences in 
the shape of the femur including varus hip angle, 
bowleg deformity, and small femoral shaft diam-
eter [15–18]. Other risk factors identified include 
the use of multiple antiresorptive medications, 
low vitamin D levels, glucocorticoid use, rheu-
matoid arthritis, and younger age at initiation of 
bisphosphonate treatment [16].
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The pathophysiology of AFFs remains poorly 
understood. Antiresorptive medications, which 
suppress bone remodeling, may result in accumu-
lation of micro-damage that is not repaired, thus 
leading to the development of stress fractures. 
Bisphosphonates have an impact on bone mate-
rial properties including collagen and advanced 
glycation end products, and long-term use results 
in increased tissue mineral density, which may 
enable crack propagation after development of a 
stress fracture [19]. Differences in hip and lower 
limb geometry may play a role in the develop-
ment of AFFs, and in particular may determine 
where these stress fractures occur in the femur. 
Recent studies have identified genetic risk factors 
for AFFs in a subset of patients. In a systematic 
review published in 2017, a number of monoge-
netic bone disorders were found to be associated 
with AFFs [20]. These include hypophosphatasia 
[21], X-linked hypophosphatemia, pycnodysos-
tosis, osteopetrosis, X-linked osteoporosis, and 
osteogenesis imperfecta. Some patients, in par-
ticular those with osteogenesis imperfecta, also 
had bisphosphonate exposure [20]. There is pos-
tulated to be a drug–gene interaction that may 
predispose certain patients to AFFs with pro-
longed bisphosphonate use. Further research is 
necessary to identify those patients who are at 
higher risk, so that they can be managed appro-
priately and followed closely for the develop-
ment of stress fractures.

After the initial emergence of reports about 
AFFs, the ASBMR convened a task force. The 
first task force report, with a case definition for 
AFF, was published in 2010 [22]. The conclusion 
of this report was that AFFs are fundamentally 
different from common osteoporotic femur frac-
tures, and strongly suggest a distinct pathogene-
sis. A second task force report was published in 
2014 [23] (Table 24.1). The revised case defini-
tion defined AFFs as occurring below the lesser 
trochanter and above the supracondylar flare, and 
pathologic fractures were excluded. This defini-
tion included criteria for incomplete as well as 
complete AFFs. Patients have to meet four out of 
five major criteria. Minor features were also 
identified, but not required for the case definition. 
These minor features highlight that prodromal 

symptoms, specific radiographic findings, and 
bilateral fractures are commonly found in patients 
with AFFs, and these can often be identified prior 
to a complete fracture occurring.

In up to two-thirds of patients with AFF, there 
is evidence for bilateral AFFs [22–24]. The sec-
ond fracture is often incomplete, as it is usually 
recognized after the diagnosis of the initial 
AFF.  Small studies examining strategies for 
screening for incomplete AFF have concluded 

Table 24.1 2013 ASBMR Case Definition for Atypical 
Femur Fractures

To satisfy the case definition of AFF, the fracture 
must be located along the femoral diaphysis from 
just distal to the lesser trochanter to just proximal 
to the supracondylar flare.
In addition, at least four of five major features must 
be present. None of the minor features is required 
but these have sometimes been associated with these 
fractures.
Major featuresa

  The fracture is associated with minimal or no 
trauma, as in a fall from a standing height or less.

  The fracture line originates at the lateral cortex 
and is substantially transverse in its orientation, 
although it may become oblique as it progresses 
medially across the femur.

  Complete fractures extend through both cortices and 
may be associated with a medial spike; incomplete 
fractures involve only the lateral cortex.

  The fracture is noncomminuted or minimally 
comminuted.

  Localized periosteal or endosteal thickening of 
the lateral cortex is present at the fracture site 
(“beaking” or “flaring”)

Minor features
  Generalized increase in cortical thickness of the 

femoral diaphyses
  Unilateral or bilateral prodromal symptoms such as 

dull or aching pain in the groin or thigh
  Bilateral incomplete or complete femoral 

diaphysis fractures
  Delayed fracture healing

Reprinted from Shane et al. [23]. With permission from 
American Society for Bone and Mineral Research
Bold font indicates changes from the original 2010 
ASBMR case definition
ASBMR American Society for Bone and Mineral 
Research, AFF atypical femur fracture
aExcludes fractures of the femoral neck, intertrochanteric 
fractures with spiral subtrochanteric extension, peripros-
thetic fractures, and pathological fractures associated with 
primary or metastatic bone tumors and miscellaneous 
bone diseases (e.g., Paget’s disease, fibrous dysplasia)
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that, with screening, the incidence of incomplete 
AFFs may be as high as 1–2 per 100 patients who 
have been treated with bisphosphonates for 3–5 
or more years [24]. Screening patients with long- 
term bisphosphonate use and leg symptoms 
showed a similar incidence of AFFs. Screening 
protocols for patients on long-term antiresorptive 
medication have been proposed, recommending 
that patients taking bisphosphonates be moni-
tored for thigh pain and other leg symptoms, and 
if present, imaging to look for stress fractures 
should be considered. Plain radiographs or full 
femur imaging using DXA can identify focal cor-
tical thickening of the lateral cortex, and may 
show a stress fracture line [24–26]. If there are 
concerning symptoms in the context of antire-
sorptive medication use, and no significant 
abnormalities are seen on initial imaging studies, 
bone scan will accurately identify stress changes. 
MRI can also be done as a next step, to assess for 
marrow edema indicative of fracture [27]. If there 
is a lucent line on X-ray, a CT scan should be 
considered to determine the depth of the lucent 
line through the cortex and the extent of the line 
around the circumference of the femur. This 
information is helpful in decision making about 
the need for prophylactic surgery versus medical 
therapy.

Recommended management for AFFs is out-
lined in the ASBMR task force report [23]. 
Calcium and vitamin D should be continued. 
Antiresorptive therapy, including bisphospho-
nates and denosumab, should be stopped. Patients 
with AFFs should be investigated for underlying 
metabolic bone diseases, including rare diseases 
that have been associated with AFF such as hypo-
phosphatasia. Complete AFFs need to be surgi-
cally repaired with an intramedullary rod, as 
other methods of fixation are often not success-
ful. Patients with incomplete AFFs can be con-
sidered for prophylactic IM nailing, depending 
on leg symptoms, extent of the fracture, and 
patient preference. Medical therapy for patients 
with AFFs includes anabolic bone medications 
such as teriparatide. Teriparatide is effective in 
improving bone mineral density and reducing 
fracture risk in patients with osteoporosis and 
high fracture risk, but the data suggesting that it 
promotes healing of atypical fracture are limited 

[27–30]. Nonetheless, it is the recommended 
treatment in those with AFFs, particularly in 
those at high osteoporotic fracture risk. Treatment 
is generally recommended for 24 months, and it 
is unclear whether patients should restart antire-
sorptive therapy afterward. Those with atypical 
femur stress fractures should be counselled to 
avoid repetitive stress to the lower limbs, but they 
will benefit from muscle strengthening via nonre-
sistance or low-resistance-type exercises.

AFF is a dreaded complication of antiresorp-
tive medication use. The absolute risk of AFF is 
low, but incomplete AFFs appear to be much 
more common. The risk of AFF is increased with 
antiresorptive medication use and duration of 
use, but there also appears to be increased sus-
ceptibility in certain patients. Incomplete AFFs 
can be identified in many cases prior to a com-
plete fracture, so it is important to have an index 
of suspicion in patients who may be at risk. As 
stated in the current guidelines, osteoporosis drug 
treatment needs to be offered to patients accord-
ing to fracture risk, and ongoing need for antire-
sorptive drug therapies should be reassessed after 
3–5 years of continuous use [31]. Despite this, it 
is still not clear what the best strategy is to reduce 
the risk of AFF in patients with osteoporosis [3, 
32–35] (Fig. 24.1).

 Osteonecrosis of the Jaw
Osteonecrosis of the jaw (ONJ), as defined in the 
first ASBMR task force report in 2007 [36], is an 
area of exposed bone in the maxillofacial region 
that does not heal within 8 weeks in an individ-
ual who has been exposed to an antiresorptive 
agent, and has not had radiation therapy. These 
patients often have symptoms of inflammation in 
the oral mucosa, pain, ulceration, and tooth 
mobility. ONJ was first described in association 
with use of high-dose IV bisphosphonate ther-
apy in oncology patients. The dose of bisphos-
phonates in that context is much higher than that 
used for the treatment of osteoporosis. Patients 
who develop ONJ often have additional risk fac-
tors including corticosteroid use, radiation, and 
chemotherapy. ONJ is also seen in patients tak-
ing antiresorptive medication who have major 
oral surgery, periodontal disease, diabetes, and 
glucocorticoid use. ONJ is slow to heal and has 
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significant morbidity, and generally requires 
management by an oral surgeon.

Osteonecrosis of the jaw is rare, with an esti-
mated incidence of 1  in 10,000–100,000  in 
patients with osteoporosis treated with standard 
dose antiresorptive medications. In the oncology 
population receiving intravenous bisphospho-
nates, the incidence of ON J may be as high as 
1–15% [37]. Maintaining good oral hygiene is 
important in patients being treated with antire-
sorptive medications, and major dental surgery 
should ideally be done before these medications 
are started. The risk of ONJ may be lower with 
use of antimicrobial mouth rinses and antibiotics 
before oral surgery. There is no strong evidence 
that stopping antiresorptive medication prior to 
dental surgery will reduce the risk of developing 
ONJ [37] (Fig. 24.2).

 Gastrointestinal Adverse Events
Oral bisphosphonates are associated with gastro-
intestinal adverse reactions in 1–7% of patients 
[38]. These include abdominal pain, GERD, dys-

pepsia, nausea, constipation, and diarrhea. 
Gastritis is reported in less than 1% of those tak-
ing these medications. Esophagitis and esopha-
geal ulceration are also uncommon, although this 

a bFig. 24.1 Radiographs 
of Atypical Femur 
Fractures (a) Complete 
mid-diaphyseal AFF (b) 
Incomplete mid- 
diaphyseal AFF (with 
focal cortical thickening 
and a lucent line in the 
middle, i.e., beaking)

Fig. 24.2 Photograph showing an area of bone exposure 
in a patient with bisphosphonate-related ONJ. (Courtesy 
of Coronation Dental Specialty Group. Retrieved from 
Wikimedia Commons: https://commons.wikimedia.org/
wiki/File:Stage_2_MRONJ.jpg. With permission from 
Creative Commons License 4.0: https://creativecommons.
org/licenses/by-sa/4.0/deed.en)
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remains a clinical concern in patients with under-
lying esophageal disease, esophageal varices, or 
connective tissue disease associated with esopha-
geal dysmotility. As oral bisphosphonate medica-
tions can directly irritate the esophageal and 
gastric mucosa, taking these medications as 
directed is critical. The delayed release formula-
tion of risedronate, which can be taken with food, 
is associated with a lower risk of GI adverse 
effects. When bisphosphonates are taken cor-
rectly, the risk of serious GI complications 
remains low.

 Esophageal Cancer
The possible association between use of oral 
bisphosphonates and esophageal cancer was first 
reported in 2009 [39]. This was followed by a 
2010 database study from the UK that reported 
an increase in the risk of esophageal cancer from 
one case per 1000 to two cases per 1000 patients 
after 5  years of bisphosphonate use [40]. 
However, subsequent studies have not confirmed 
this association [41].

 Acute Phase Reaction
Acute phase response has been observed primar-
ily in patients treated with intravenous bisphos-
phonates. The reaction is characterized by 
low-grade fever, myalgias, arthralgias, and bone 
pain. It is typically self-limited, lasting up to 
2–3  days, and is less common with subsequent 
infusions. It is felt to be due to a release of cyto-
kines with bisphosphonate infusion, resulting in 
an inflammatory response. Acute phase reaction 
is uncommon with oral bisphosphonates.

 Musculoskeletal Pain
Musculoskeletal pain including bone, joint, and 
muscle pain is reported in up to 6% of patients 
taking bisphosphonates [38]. This is not related 
to an inflammatory response, as in the acute 
phase reaction, and is not typically severe enough 
to limit taking these medications.

There is an extremely rare type of musculo-
skeletal pain with oral and intravenous bisphos-
phonate therapy, where the pain is severe and 
debilitating [42]. Biochemical analyses including 
muscle enzymes are often normal. Stopping 

bisphosphonate will reverse this adverse effect, 
although the recovery can be slow and incom-
plete. This rare idiosyncratic reaction to bisphos-
phonates is poorly understood. In contrast to the 
acute phase reaction and the more common type 
of musculoskeletal pain that occurs soon after 
initiating therapy, this severe idiosyncratic reac-
tion can occur days, weeks, or months after initi-
ating therapy.

 Ocular Complications
Ocular complications are a rare but potentially 
serious adverse drug reaction with bisphospho-
nates [43]. There are reports of conjunctivitis, 
uveitis, episcleritis, and scleritis with oral as 
well as intravenous bisphosphonate use. 
Following intravenous bisphosphonate use, the 
incidence of uveitis and episcleritis was 
reported as 1% in one study. The incidence is 
well below 1% with oral bisphosphonates. 
These patients present with red, painful eyes, 
and require ophthalmologic evaluation and 
prompt discontinuation of bisphosphonates. 
Inflammatory ocular complications respond to 
topical treatment with corticosteroids, and if 
bisphosphonates are discontinued, there are no 
long-term visual sequelae reported.

 Atrial Fibrillation
An association between bisphosphonate use and 
atrial fibrillation was first reported in the 
HORIZON trial of IV zoledronic acid versus pla-
cebo [44]. This association was also observed in 
a study of alendronate [45]. Subsequently, a 
meta-analysis in 2012 found no association 
between bisphosphonate use and development of 
atrial fibrillation [46, 47].

 Hypocalcemia
Intravenous bisphosphonates are standard treat-
ment for hypercalcemia due to malignancy or 
metabolic disease. Intravenous bisphosphonates 
used for the treatment of osteoporosis do not 
usually cause clinically significant hypocalce-
mia in patients with normal renal function who 
are calcium and vitamin D replete. Hypocalcemia 
with oral bisphosphonates is even more 
uncommon.
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 Chronic Kidney Disease
There are few studies examining the use of 
bisphosphonates in patients with chronic kidney 
disease [48]. These medications are renally 
excreted, and they are not recommended for use 
in patients who have GFR of less than 30 ml/min. 
There can be deterioration in kidney function 
with use of IV zoledronic acid in those with 
CKD, so hydration prior to bisphosphonate infu-
sion and close monitoring is recommended. 
Bisphosphonates should be avoided in patients 
with end-stage renal disease, especially those 
who have low bone turnover, as further suppres-
sion of bone turnover with bisphosphonates can 
be harmful.

 Approach to Duration of Treatment
Patients on bisphosphonates should be reassessed 
for fracture risk after 3–5 years of bisphospho-
nate therapy (3 years for intravenous bisphospho-
nates and 5  years for oral bisphosphonates). If 
fracture risk is not high, they should be given a 
drug holiday of 1–5 years, because bisphospho-
nates stay in bone and may have a sustained 
effect on BMD and fracture risk [31]. Duration of 
drug holiday depends on the duration of prior 
therapy, as well as the type of medication used. 
Alendronate and zoledronic acid have a more 
sustained effect in bone, whereas risedronate 
may be associated with a faster loss of BMD after 
discontinuation. For patients at high fracture risk, 
they should not have a drug holiday; instead they 
should continue on drug therapy, either with an 
antiresorptive or an anabolic medication [31].

 Denosumab

Denosumab, an inhibitor of RANK ligand, is a 
highly potent antiresorptive medication that has 
been shown in randomized controlled trials to be 
effective in increasing BMD and reducing risk of 
vertebral, hip, and nonvertebral fracture [49]. 
This medication, given as a subcutaneous injec-
tion once every 6 months, is generally well toler-
ated. In the FREEDOM study and the subsequent 
extension, the risk of serious adverse events was 
similar between placebo and denosumab-treated 

participants [50–52], although arthralgias were 
reported more frequently with denosumab (not 
statistically significant). Hypocalcemia is a risk 
with denosumab, particularly when used at high 
dose. There was initial concern about increased 
risk for infection, but further studies have not 
shown significant risk. Other uncommon adverse 
reactions reported with denosumab included 
hypertension, peripheral edema, skin rash [53], 
and risk of allergy or anaphylaxis. Although the 
FREEDOM trial did not report ONJ or AFFs, 
follow-up studies and post-marketing surveil-
lance show that these long-term risks with antire-
sorptive therapy are a concern with denosumab.

 Atypical Femur Fractures
AFFs have been reported in patients treated with 
denosumab. The underlying pathophysiology and 
risk factors are felt to be similar to AFFs occur-
ring in patients treated with bisphosphonates [54, 
55]. In the FREEDOM trial extension, the inci-
dence of AFFs was low in those treated with 
long-term denosumab, with only one case seen in 
each group in the 10-year follow-up [52]. The 
true incidence of AFFs in patients on denosumab 
remains unclear, as many patients who develop 
AFFs while on denosumab have previously been 
treated with bisphosphonates. Nonetheless, AFFs 
have been reported in those taking denosumab 
who have had no prior treatment with other 
osteoporosis medications.

Management of AFFs in patients who have 
received denosumab is the same as with bisphos-
phonate therapy (see above), as outlined in the 
ASBMR task force report [22, 23]. Denosumab 
should be stopped if an AFF is identified, and 
should be avoided in any patient who has had an 
AFF. There may be a risk of bone loss with stop-
ping denosumab, but transition to bisphospho-
nates for 6–12 months to avoid rapid bone loss is 
contraindicated in this situation.

 Osteonecrosis of the Jaw
Osteonecrosis of the jaw was not seen in the origi-
nal FREEDOM study, but in the long-term fol-
low- up studies [50, 51] and in post-marketing 
surveillance, ONJ has been reported in those 
being treated with denosumab for osteoporosis. 
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ONJ, however, is much more common in patients 
treated with high-dose denosumab in the context 
of cancer treatment. In patients taking denosumab 
for osteoporosis, those who developed ONJ often 
had additional risk factors including prior bisphos-
phonate use, invasive dental procedures, gluco-
corticoid use, or chemotherapy. Invasive dental 
procedures should ideally be done before starting 
this medication, or 6 months after the last dose.

The management of ONJ associated with 
denosumab use involves the same measures as 
with bisphosphonate-related ONJ [37]. Patients 
who have had ONJ should not receive further 
denosumab.

 Hypocalcemia
Denosumab is a rapidly acting and highly potent 
antiresorptive medication. There were no reports 
of serious hypocalcemia in the FREEDOM trial, 
but subsequently denosumab has been associated 
with severe and even life-threatening hypocalce-
mia. This is particularly in patients receiving high 
doses of denosumab for oncology indications. In 
patients treated with denosumab for osteoporosis, 
symptomatic hypocalcemia has been reported, but 
it is generally mild and transient [5]. Those with 
insufficient vitamin D levels or low bone turnover 
at baseline are at higher risk for developing hypo-
calcemia. Although denosumab is not renally 
excreted, and initial studies suggested that it was 
safe in those with chronic kidney disease, it 
should be used with caution in this population, as 
they are at higher risk for developing hypocalce-
mia. Serum calcium and 25-hydroxy vitamin D 
levels must be normal prior to initiating deno-
sumab, and for those at higher risk for developing 
hypocalcemia, calcium should be monitored prior 
to each injection.

 Infection
Denosumab is an inhibitor of RANK ligand, 
which is a member of the TNF family. There was 
initial concern about increased risk for develop-
ing infection when treated with this medication. 
Subsequent studies in patients with osteoporosis, 
as well as in patients taking glucocorticoids and 
receiving biologic or other immunosuppressive 
therapies, have not demonstrated a higher risk for 

infection [56]. The FREEDOM trial reported an 
increased risk of cellulitis in patients being 
treated with denosumab compared to placebo. 
Further data from the FREEDOM extension 
study did not show that this was an ongoing risk 
[50], and denosumab has subsequently been used 
in patients taking immunosuppressive drugs 
without significantly increased incidence of 
infection [56].

 Risk with Stopping: Multiple Vertebral 
Compression Fractures
Denosumab causes potent suppression of bone 
turnover, but it is reversible and the effect wears 
off quickly after 6 months. Several case series of 
multiple vertebral compression fractures after dis-
continuation of denosumab therapy have drawn 
attention to this topic [57–59]. Those who have 
had prior vertebral fractures, greater total hip 
BMD loss while off treatment, and longer off-
treatment duration are at increased risk for verte-
bral fractures after stopping treatment [60]. Prior 
bisphosphonate therapy does not offer protection 
against this rare phenomenon [61]. Because of 
these reports, the European Calcified Tissue 
Society (ECTS) have issued a position statement 
stating that discontinuation of denosumab should 
be followed by a bisphosphonate [62].

 Approach to Duration of Therapy
Denosumab has been shown to reduce vertebral, 
nonvertebral, and hip fractures in postmeno-
pausal women with osteoporosis [49]. Its effect 
on fracture reduction is sustained for up to 
10 years of therapy, as seen in the FREEDOM 
extension study [51]. Thus, for patients at high 
risk of fractures, denosumab therapy should be 
continued. With treatment, patients may con-
tinue to gain BMD and reduce their fracture 
risk. If patients are no longer at high risk for 
fractures and discontinuation of therapy is being 
considered, discontinuation of denosumab 
should be followed by a bisphosphonate for 
6–12  months to reduce the rapid rise in bone 
turnover, and thus reduce the risk of multiple 
vertebral fractures [62]. Oral bisphosphonates 
may be better at reducing bone loss than IV 
zoledronic acid [63, 64].
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 Hormone Replacement Therapy

Estrogen treatment, with or without progesterone, 
is effective in inhibiting bone resorption and 
maintaining bone formation consistent with a pre-
menopausal state. In the Women’s Health 
Initiative, estrogen significantly reduced the inci-
dence of new vertebral, nonvertebral, and hip 
fractures in postmenopausal women, although 
that risk then  increased when HRT was stopped 
[65]. The low-dose estrogens that are now in more 
common use have been shown to increase BMD, 
though fracture data are not available. Although 
HRT remains an effective treatment for osteopo-
rosis, concerns about longer-term risks have led to 
HRT no longer being recommended as a first-line 
therapy for osteoporosis in the absence of signifi-
cant menopausal symptoms, as safer and more 
effective alternatives are available [31].

In the Women’s Health Initiative, systemic 
estrogen and progesterone therapy was associated 
with a statistically significant increase in risk for 
breast cancer, stroke, and thromboembolic events. 
Combined estrogen and progesterone therapy 
showed a higher risk of breast cancer than estro-
gen therapy alone [66]. The risk for coronary 
artery disease and cardiac events was not 
increased. Estrogen alone increases the risk for 
endometrial cancer, but this is not seen in those 
treated with combined estrogen and progestin.

Recent guidelines, including those from the 
National Institute for Health and Care Excellence 
(NICE) [67], point to the efficacy and safety of 
using estrogen in women around the time of 
menopause. HRT is recommended to relieve the 
symptoms of menopause; and these guidelines 
state that in otherwise healthy women less than 
60 years old, the benefits of HRT outweighs the 
risks of therapy. The North American Menopause 
Society (NAMS) suggests using HRT for the 
shortest effective time period to manage meno-
pausal symptoms, primarily because of the 
observed excess risk for breast cancer [68]. The 
NAMS guidelines recommend against prescrib-
ing hormone therapy for chronic disease preven-
tion, but also acknowledge that extended dose 
hormone therapy might be appropriate in symp-
tomatic postmenopausal women, or for the pre-

vention of osteoporosis, if alternative therapies 
are not tolerated. Careful assessment of benefit 
and risk is important when considering the use of 
HRT for the management of osteoporosis.

 Raloxifene

Raloxifene, a selective estrogen receptor modula-
tor, inhibits bone resorption, increases BMD, and 
decreases the risk of vertebral fractures in post-
menopausal women [69, 70]. It has not been 
shown to decrease nonvertebral or hip fractures. It 
is considered a second-line therapy for osteoporo-
sis treatment in postmenopausal women in several 
clinical practice guidelines, as the fracture reduc-
tion data are not as robust as with other osteoporo-
sis medications [31]. Long-term use of raloxifene 
has also been shown to decrease the risk of estro-
gen receptor positive breast cancer in women at 
high risk for developing breast cancer [71].

There is a risk for worsening of vasomotor 
symptoms in women taking raloxifene. 
Raloxifene significantly increases the risk of 
thromboembolic complications, similar to HRT, 
and should be avoided in those with a history of 
VTE [72, 73]. Raloxifene should be stopped 
 during a period of expected immobilization such 
as surgery, or a long trans-Pacific flight. There is 
no cardiac protective effect with raloxifene, and 
in the Raloxifene Use for The Heart (RUTH) 
trial, there was an increased risk of stroke deaths 
in a population of women who were older and at 
higher risk for cardiovascular disease [74]. 
Raloxifene has not been associated with AFFs or 
ONJ [75], so this may be an option for manage-
ment of osteoporosis in this context.

 Bone Formation Therapies

 Teriparatide

As opposed to the antiresorptive therapies, terip-
aratide is an anabolic medication that works pri-
marily to increase bone formation, with a lesser 
effect on bone resorption especially initially. It is 
effective in reducing the risk of vertebral and 
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nonvertebral fractures in postmenopausal women, 
and in reducing vertebral fractures in those taking 
glucocorticoid therapy [76, 77]. Teriparatide is 
given as a self-administered daily injection. This 
medication is generally well tolerated, with simi-
lar incidence of serious adverse events compared 
with placebo in randomized controlled trials [5]. 
The most frequently reported symptoms include 
dizziness, postural hypotension, headache, nau-
sea, and leg cramps. It is recommended that it is 
taken before bedtime because of risk of hypoten-
sion. As teriparatide is recombinant PTH, it 
should not be used in those with hyperparathy-
roidism. Transient hypercalcemia is seen in up to 
11% of patients post dose. Persistent hypercalce-
mia is less common, and should be monitored for 
with blood tests measuring calcium 1 month after 
starting this medication. Some patients will 
require a reduction in calcium supplementation, 
and rarely a dose reduction in teriparatide. 
Hypercalciuria is seen in up to 10% of treated 
patients, with no increased risk of clinical adverse 
events in clinical trials.

Teriparatide is approved for 2  years of use 
because by that point the increase in bone resorp-
tion markers catch up to the increase in bone for-
mation markers, usually considered as the closing 
of the therapeutic window. There was also con-
cern regarding carcinogenic risk with long-term 
use. There is a black box warning, based on 
increased risk of osteosarcoma in rats that were 
treated with very high doses of teriparatide 
throughout their life span. In post-marketing sur-
veillance, an increased risk of osteosarcoma has 
not been seen, despite widespread use of this 
medication. Nonetheless, it is recommended that 
teriparatide be avoided in patients at increased 
risk for developing osteosarcoma, including 
those with Paget’s disease of the bone, prior radi-
ation therapy, history of bone tumors, and in 
young people with open growth plates [5].

 Abaloparatide

Abaloparatide, an analog of PTHrP, is an ana-
bolic medication that has been shown to increase 
spine and hip BMD and reduce the risk of verte-

bral and nonvertebral fractures [78, 79]. This 
medication is approved for use for up to 2 years 
in the United States, though it is not yet available 
in Canada, Europe, or Asia. Orthostatic hypoten-
sion, dizziness, nausea, and headache were the 
most common adverse reactions seen in clinical 
trials. Hypercalcemia has been reported, though 
the incidence appears to be lower than with terip-
aratide. Increased uric acid and hypercalciuria 
were also reported.

Similar to teriparatide, abaloparatide has been 
associated with an increase in osteosarcoma in 
animal studies using large doses and long dura-
tions of treatment. Abaloparatide should, there-
fore, be avoided in patients at increased risk for 
osteosarcoma, as above.

 Romosozumab

Romosozumab is a sclerostin inhibitor, and is a 
new class of bone formation therapy. It was 
recently approved in Japan, Thailand, the United 
States, and Canada for 12 months of use. In the 
placebo-controlled FRAME trial, romosozumab 
was found to reduce vertebral fractures and 
 clinical fractures (nonvertebral plus symptomatic 
vertebral fractures) in postmenopausal women 
with osteoporosis [80]. There was one case of 
AFF and two cases of ONJ in the romosozumab 
group out of approximately 3300 women. In the 
head- to- head comparison of romosozumab and 
alendronate in the ARCH trial, romosozumab fol-
lowed by alendronate significantly reduces verte-
bral, nonvertebral, clinical, and hip fractures 
when compared to alendronate alone [81]. There 
were cases of ONJ (one in each group of approxi-
mately 2000 women each) and AFF (two in the 
romosozumab to alendronate group and four in 
the alendronate to alendronate group) observed 
during the study period. There was also an imbal-
ance of cardiovascular events with increased 
risks of myocardial infarction, stroke, and cardio-
vascular death observed in the romosozumab 
group. Thus, the Federation Drug Administration 
(FDA) in the United States recommends not giv-
ing romosozumab to patients who have had 
recent myocardial infarction or stroke in the pre-
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ceding year. If a patient develops myocardial 
infarction or stroke during therapy, romosozumab 
should be discontinued as well.

Romosozumab is a reversible therapy. BMD 
gains with romosozumab can be lost with discon-
tinuation of therapy. Thus, romosozumab should 
be followed by an antiresorptive therapy such as 
a bisphosphonate or denosumab.

 Communication About Risks

Despite the safety considerations discussed in 
this chapter, it is important to emphasize that 
medications that are currently available for the 
treatment of osteoporosis and reduction in frac-
ture risk remain effective and safe. There is evi-
dence that the care gap in the treatment of 
osteoporosis is growing, and it is important that 
patients not be denied effective treatment for 
reduction of fractures [82]. Studies have demon-
strated that appropriate use of osteoporosis medi-
cations in patients who are at high risk for 
fracture, if clinicians are mindful of issues around 
safety and duration of therapy, will minimize risk 
and maximize benefit.

Communicating risks and benefits appropri-
ately to patients is critical in order to minimize 
the care gap in the treatment of osteoporosis. This 
can be successfully achieved by following the 
core principles of risk communication: anticipa-
tion, preparation, and practice [83]. As health 
care providers, we have to anticipate the concerns 
that our patients will have, know the data regard-
ing the risks and benefits, and practice what we 
are going to say to our patients when they raise 
their concerns. It is important to remember that 
our patients want to know that we care, before 
they care about what we know. So it is important 
to show caring and empathy in our communica-
tion of risks and benefits. It is also helpful to put 
the risks and benefits into perspective, as patients 
often focus more on the negative rather than on 
the positive. For patients at high fracture risk, the 
benefits of therapy far outweigh the risks, and 
excellent communication can help ensure that 
they are treated with effective, evidence-based 
medical therapy for osteoporosis.
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 Overview

Osteoporosis affects more than 28 million people 
in the United States. The lifetime risk for 
osteoporosis- related morbidity is higher than a 
woman’s combined risk for breast cancer, endo-
metrial cancer, and ovarian cancer. Health care 
expenditures for osteoporotic patients in the 
United States are more than 13 billion dollars/
year. Thus, identifying risks that are important to 
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Key Points
• BMD is considered as one of the highly 

heritable disease-associated quantitative 
traits.

• GWAS have identified ~604 GWAS loci 
that are associated with bone-health- 
related phenotypes; including DXA- 
derived area BMD; qCT-derived 
volumetric BMD; estimated BMD 
(eBMD) and heel bone properties from 
heel quantitative ultrasound; bone 
geometry, shape, and microstructure; 
osteoporotic fractures and nonunion; 
pediatric bone density; serum vitamin D 
and other serum bone biomarkers.

• Since the majority of the GWAS find-
ings are in the non-coding regions, as 
well as due to the linkage disequilibrium 
(LD) among SNPs, it is not always a 
trivial task to identify targeted genes 
affected by associated SNPs.

• Pharmacogenetic studies in the area of 
osteoporosis therapeutics remain quite 
preliminary. Additional efforts are 

needed to understand molecular mecha-
nisms of drug action to their targets, to 
systematically identify genetic determi-
nants of treatment response and to 
develop practical approaches to preemp-
tive pharmacogenetics implementation 
toward clinical practice that include 
patients’ genetic profiles especially for 
the severe adverse drug reactions 
(ADRs).

• With whole genome sequencing, undis-
covered less-common, rare and private 
coding and non-coding variants, as well 
as structural variations that have larger 
effect sizes are likely important and may 
explain the remaining missing heritabil-
ity that is not explained by current 
GWAS findings.
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bone health will improve the understanding of 
the pathophysiology of osteoporosis and osteo-
porotic fractures. Among a few well-known risks 
of osteoporosis and osteoporotic fractures, fam-
ily history is perhaps the strongest risk factor of 
osteoporosis, suggesting a strong genetic basis 
[1–3]. Estimated from twins and siblings, the 
narrow-sense heritability h2 of bone mineral den-
sity (BMD) is >0.50 [1–3]. Heritability is a mea-
sure of how well differences in people’s genes 
account for differences in their phenotypes in the 
study population. The narrow-sense heritability 
h2 is the ratio of additive genetic variance to the 
total phenotypic variance. Heritability estimates 
range from zero to one. A wide range of h2 rang-
ing from 0.924 (autism) to 0.038 (lipoma) from 
149 selected common/complex disorders/pheno-
types has been reported recently [4]. Compared 
to these estimated h2, BMD is considered as one 
of the highly heritable disease-associated quanti-
tative traits.

In the past 10 years, studying of genetics of 
complex diseases has seen a meteoric rise in 
scope. In contrast to Mendelian diseases, usually 
caused by a mutation in a single gene, common 
diseases and disease-associated quantitative traits 
such as osteoporotic fractures and BMD do not 
segregate in a Mendelian manner within families 
and are influenced by multiple genetic and envi-
ronmental factors [5]. The feasibility of carrying 
out genome-wide association studies (GWAS) on 
common variants has led to rapid progress in the 
field of complex-disease genetics; and provided 
valuable information about the contribution of 
genetic variants to phenotypes [6]. The design of 
a typical GWAS involves multiple stages, includ-
ing (1) genome-wide discovery stage(s), which 
rely on association analyses of hundreds of thou-
sands of genotyped SNPs or millions of imputed 
SNPs; (2) replication stage(s), which replicate 
top associated SNPs in an independent sample or 
samples; and (3) functional annotation and/or 
functional validation in cellular and/or animal 
models. The GWAS study designs and rationales 
have been reviewed previously [5]. Such study 
design provides robust association results and 
avoids potential false-positive findings. One of 
the major advantages is that GWAS approach 
interrogates the whole genome to search for asso-

ciations without any prior assumptions about the 
underlying cause of a disease or the genetic 
architecture of a trait.

The objective of treating osteoporotic patients 
is to reduce the risk of fracture. The conventional 
treatment options for osteoporosis can be classi-
fied into two groups: anti-resorptives and ana-
bolic drugs [7]. Although several osteoporotic 
medications have shown to be effective in reduc-
ing the risk of fracture in postmenopausal women 
and are recommended as the first-line therapies 
for patients with osteoporosis, they do not elimi-
nate the possibility of fracture. The response to 
these anti-osteoporotic therapies is highly vari-
able among individuals [8, 9], and such variabil-
ity may also be partly determined by genetic 
factors. Pharmacogenetics is the study of the 
genetic variation between individuals that affects 
their response to drugs as well as treatment- 
related adverse effects, such as osteonecrosis of 
the jaw (ONJ) and atypical femoral fractures 
(AFF). Personal genetic profiles could help clini-
cians to predict individual drug response and pre-
scribe the right drug and dose, thereby optimizing 
efficacy and avoiding risk of adverse effects. In 
this chapter, we review and discuss findings from 
GWAS along with pharmacogenetics studies of 
osteoporotic treatments.

 Findings from GWAS

Previously, we and others have performed GWAS 
and GWAS meta-analyses on bone-health-related 
phenotypes; including DXA-derived area BMD 
[10–31]; qCT-derived volumetric BMD [32, 33]; 
estimated BMD (eBMD) [34–36] and heel bone 
properties [37–39] from heel quantitative ultra-
sound; bone geometry, shape, and microstructure 
[40, 41]; osteoporotic fractures and nonunion 
[42–45]; pediatric bone density [46–48]; serum 
vitamin D [49–53] and other serum bone bio-
markers [54–57] (Fig. 25.1). A detailed summary 
of GWAS loci on bone-health-relevant pheno-
types published before 2013 can be found in our 
previously published review article [5]. More 
than 5200 GWAS SNPs (p-values <5  ×  10−8) 
genome-widely associated with bone-health- 
relevant phenotypes were discovered. These 
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GWAS SNPs were further clustered into 604 
independent GWAS signals (genomic regions). 
The mapped candidate genes (based on their 
physical location in the genome) for these 604 
GWAS loci can be found at the NHGRI-EBI 
GWAS catalog (https://www.ebi.ac.uk/gwas). 
Among 604 GWAS signals, the association sig-
nals at the chr7q31.31 locus have been reported 
to be associated with DXA-derived BMD at mul-
tiple skeletal sites in adults and children; qCT-
derived vBMD, eBMD from heel quantitative 
ultrasound as well as fractures. There are three 
potential candidate genes (CPED1, WNT16, and 
FAM3C) physically located in the chr7q31.31 
locus; thus, we named this GWAS locus “CPED1-
WNT16- FAM3C” locus. Most GWAS were con-
ducted by analyzing lumbar spine (LS) and femur 
neck (FN) BMD derived from dual energy X-ray 
absorptiometry (DXA), which is typically mea-
sured in the clinic and is the most common tool 
for measuring BMD.  So far, the largest GWAS 

analysis (published in 2015) on DXA-derived 
BMD involved ~33,236 adult Caucasians and 
only identified 59 GWAS loci [18]. Only a few 
BMD GWAS studies have been conducted in 
non-Caucasian participants with relatively 
smaller sample size. Choi et al. [23] studied the 
genetic variants that associated with LS and FN 
BMD in East Asians, and found a new BMD 
locus specific to East Asians at chr1q23 mapped 
to UHMK1 gene. Taylor et al. [24] found another 
BMD locus specific to African-American women 
on SVILA gene (n = 8155). However, no indepen-
dent replication was conducted.

In addition to LS and FN BMD, GWAS analy-
ses on DXA-derived BMD at different skeletal 
sites have also been conducted. To identify genetic 
variants associated with forearm BMD, a GWAS 
meta-analysis with 5866 European descent 
Caucasians was conducted and identified genome-
widely associated SNPs in the introns of MEF2C 
[25]. With a relatively larger sample size (N = 8143) 
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[18], we also identified a novel low- frequency non-
coding variant with large effects on forearm BMD 
near WNT16 gene (rs148771817, minor allele fre-
quency (MAF) = 1.1%, effect size (β coefficient in 
the regression model) = 0.39 SD). The MAF is the 
distribution of the minor allele for a single nucleo-
tide polymorphism in the study population. The 
MAF may be different across different ethnicities 
or race groups. Kemp et  al. [26] found strong 
genetic correlations (rg = 0.43~0.78) among upper 
limbs (UL-BMD), lower limbs (LL-BMD), and 
skull (SK-BMD) derived from total-body DXA in 
a GWAS analysis with ∼4890 participants recruited 
by the Avon Longitudinal Study of Parents and 
their Children (ALSPAC). In particular, variants at 
the CPED1 gene exerted a larger influence on 
SK-BMD and UL-BMD when compared to 
LL-BMD, while variants at the WNT16 gene influ-
enced UL-BMD to a greater degree when com-
pared to SK- and LL-BMD. Medina-Gomez et al. 
[27] conducted a GWAS meta-analysis on total 
body (TB) BMD in 66,628 individuals stratified by 
five age strata, each spanning 15 years. A total of 
76 GWAS loci were identified. Among them, 35 
loci were not reported to be genome-widely associ-
ated with DXA-derived BMD before; but these loci 
were nominally associated (p < 0.05) with either 
LS or FN BMD in the same effect direction as in 
our previously published DXA-derived GWAS 
meta- analysis [18]. These TB BMD GWAS loci 
were enriched in osteoclast differentiation, TGF-β 
signaling pathway, regulation of cell growth, 
SMAD proteins, and musculoskeletal system rele-
vant pathways.

Volumetric BMD (vBMD) derived from quanti-
tative computed tomography (QCT) is a more 
accurate estimation of bone density and consid-
ered as the “true” bone density comparing to the 
bone density derived from DXA, which is a pro-
jective area bone density. QCT measures bone 
volume in three dimensions at any skeletal site 
and estimates bone density as the true volumetric 
bone density. We performed GWAS meta- analysis 
(n = 15,275) of lumbar spine vBMD and identi-
fied five GWAS loci associated with increased 
vertebral vBMD [33]. Among them, SLC1A3 
locus on chr5p13 associated with increased tra-
becular vBMD (effect size = 0.22), and lower risk 
of fracture (OR = 0.75). The SLC1A3 locus is a 

novel GWAS locus that was not identified by 
DXA-derived area BMD before, suggesting 
genetic contribution of vBMD may not be com-
prehensively captured by DXA- derived area 
BMD. The functional involvement of the SLC1A3 
gene will need to be further studied.

eBMD DXA-derived area BMD or qCT-derived 
volumetric BMD are not always available in 
many large-scale cohort and observation studies, 
such as the UK Biobank. Instead, eBMD is an 
estimated BMD from heel quantitative ultra-
sound at the heel calcaneus. eBMD has been 
demonstrated as a strong predictor of fracture 
risks and contributes to risk assessment over and 
above DXA-derived BMD at the hip [58, 59]. 
eBMD is moderately correlated with DXA- 
derived BMD at the hip and spine (Pearson’s cor-
relation coefficient r = 0.4–0.6) [60]. In addition, 
these two phenotypes have moderate to high 
genetic concordances in terms of their genome- 
wide significant loci (r = 0.69 for lumbar spine 
and 0.64 for femoral neck) [34], suggesting that 
parts of underlying biological properties of these 
two traits may be shared. Thus, eBMD is consid-
ered as an alternative measurement of the DXA- 
derived BMD.  As showed in Fig.  25.1, most 
bone-health-relevant GWAS loci (518 eBMD 
loci) were identified by two recent genome-wide 
association analyses on eBMD in ~426  K sub-
jects from the UK Biobank [35, 36]. The mapped 
candidate genes for these 518 eBMD loci can be 
found at the NHGRI-EBI GWAS catalog (https://
www.ebi.ac.uk/gwas/). Among these 518 eBMD 
GWAS loci, 13 of them are also genome-widely 
associated with bone fractures. These loci include 
SLC8A1, FGFRL1, RSPO3, CCDC170, AQP1, 
STARD3NL, WNT16, MBL2, LRP5, TMEM135, 
SOST, FAM210A, and LINC01700 gene loci. As 
expected, a strong negative correlation 
(r = −0.77) was observed between effect size for 
eBMD (y-axis) and risks of fracture at all skeletal 
sites (x-axis) for SNPs that reached genome-wide 
significance for both eBMD and fracture pheno-
types (Fig. 25.2) [32]. eBMD heritability, which 
is eBMD variance in study subjects that can be 
explained by GWAS SNPs, ranged from 20% to 
40% in the UK Biobank study. Although 518 
GWAS loci was identified for eBMD, these 

Y.-H. Hsu et al.

https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/


489

eBMD loci only explain less than half of eBMD 
variation, suggesting the effect size of these 
GWAS loci are moderate. As shown in Fig. 25.3, 
the average absolute conditional effect sizes for 
genome-wide associated SNPs with minor allele 
frequencies <1%, 1–5%, ≥ 5% were 0.14, 0.04, 
and 0.02 SD, respectively. Given DXA-derived 
BMD is being measured in the UK Biobank sub-
jects, further analyses on comparing GWAS find-
ings between these two phenotypes will better 
characterize the similarity and difference of their 
genetic architectures.

Heel bone properties In addition to eBMD, 
GWAS were also performed on speed of sound 
(SOS), broadband ultrasound attenuation (BUA), 
and stiffness index (SI) derived from heel quanti-
tative ultrasound [37–39]. Among them, two 
studies were conducted in East Asian populations 
and identified GLDN GWAS locus in the Korean 
population (n  =  9158) [38] as well as CPED1- 
WNT16, SMG6, and LOC10050636-TMEM135 
GWAS loci in the Taiwanese and Korean popula-
tions (n = 10,697) [39].

Bone geometry Characteristics of a bone’s size 
and shape strongly influence its biomechanical 

strength and affect skeletal fragility. Bone geom-
etry influences the ability of the bone to resist 
mechanical loads; and affects fracture risks. 
Baird et al. [40] identified eight novel loci of hip 
shape derived from DXA scans in 15,934 indi-
viduals. These loci included rs2158915 at 
17q24.3, rs1243579 at 14q32.13, rs10743612 at 
12p11.22, rs73197346 at 21q22.12, rs59341143 
at 4p15.33, rs6537291 at 4q31.21, rs1966265 
near FGFR4 and rs1885245 near ASTN2. We 
performed GWAS on hip geometry [41], includ-
ing femoral neck length, neck-shaft angle, femo-
ral neck width, and femoral neck section modulus 
derived from DXA scans in 18,719 adult 
Caucasians. We identified IRX1-ADAMTS16, 
FGFR4, CCDC91, and LRP5-PPP6R3 loci. 
These loci explained 12–22% of hip geometry 
heritability.

Fracture is the major consequence of osteopo-
rosis. Although low BMD is the primary risk fac-
tor of osteoporotic fractures, studying genetic 
determinants of osteoporotic fractures itself may 
identify genetic risk factors that affect biological 
pathways that beyond bone density. Unlike BMD, 
the heritability of fracture risk is moderate with h2 
~30% [61]. We recently reported the largest 

Fig. 25.2 Effect size 
for eBMD (y-axis) and 
fractures from the UK 
Biobank Study. For 
SNPs that are genome- 
widely associated with 
both eBMD and fracture 
at all sites phenotypes. 
(Reprinted from Morris 
et al. [36]. With 
permission from 
Springer Nature)
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GWAS meta-analysis on fractures, including a 
discovery set of 37,857 fracture cases and 227,116 
controls; with replication in up to 147,200 frac-
ture cases and 150,085 controls [44]. Fracture 
cases were defined as individuals (>18 years old) 
who had fractures at any skeletal site confirmed 
by medical, radiological, or questionnaire reports. 
We identified 15 fracture GWAS loci, including 
SPTBN1, CTNNB1, RSPO3, ESR1, WNT16, 
C7orf76-SHFM1, STARD3NL, FUBP3, 
RPS6KA5, MBL2-DKK1, LRP5, GRB10, SOST-
DUSP3-MEOX1, FAM210A, RNMT and ETS2 
gene loci. All 15 fracture GWAS loci have been 
reported to be associated with BMD from previ-
ous BMD GWAS studies. Alonso et al. [42] con-
ducted a GWAS in 1553 postmenopausal women 
with clinical vertebral fractures and identified a 
novel locus near FBLN7 gene at chr2q13. The 
FBLN7 locus was associated with an increased 
risk of clinical vertebral fractures (OR  =  1.75, 
95%CI = 1.45–2.12, per risk allele) and was inde-
pendent of bone density. Hwang et al. [43] con-
ducted a GWAS meta-analysis on low-trauma 
fractures at hip, wrist, humerus, rib, pelvis, or ver-
tebra skeletal sites in East Asian participants aged 
≥40 years. The MECOM locus was identified and 

associated with an increased risk of osteoporotic 
fracture. Nonunion is a clinically significant com-
plication of fracture. Nonunion, or delayed union, 
following fractures is a failure of healing to occur 
over the expected time course. Nonunion is con-
sidered common and estimated to occur in 5–10% 
of fractures [62]. McCoy Jr. et al. [45] conducted 
a GWAS on nonunion in 1760 individuals of 
Northern European ancestry with upper or lower 
extremity fracture, including 131 with nonunion, 
derived from electronic health records. The study 
identified one novel GWAS loci in the Calcyon 
(CALY) gene. However, independent replication 
is needed to further validate this finding.

Pediatric bone density The bone remodeling 
process occurs throughout life and becomes dom-
inant by the time that bone reaches its peak mass 
(typically by the early 20s). Remodeling contin-
ues throughout life so that most of the adult skel-
eton is replaced about every 10  years. On the 
other hand, during childhood and adolescence 
bones are under the modeling process. This pro-
cess allows individual bones to grow in size and to 
shift in space. To study genetic determinants of 
pediatric bone density, Chesi et al. [46] performed 

Fig. 25.3 Absolute effect size (y-axis) and minor allele 
frequency (x-axis) for 1103 eBMD GWAS SNPs. Red 
dots represent SNPs at previously reported DXA-derived 
LS or FN BMD loci. Blue dots represent SNPs at novel 

eBMD loci. The named gene is the mapped in that locus. 
(Reprinted from Morris et al. [36]. With permission from 
Springer Nature)
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GWAS on DXA-derived areal BMD and BMC at 
the distal radius in 1399 children. Two GWAS loci 
were identified, including the well- known 
CPED1-WNT16-FAM3C locus in females as well 
as a novel locus at chr9p21.3 with the nearest 
gene flanking each side being MIR31HG and 
MTAP genes. In addition, sex also plays an impor-
tant role in determining loss of peak bone mass 
during lifetime (30–50% in women versus 
20–30% in men) and osteoporotic risk. A follow-
 up study in the same study participants was con-
ducted by Chesi et  al. [48] and GWAS were 
performed on DXA-derived areal BMD and BMC 
at the LS and FN skeletal sites in 933 healthy 
Caucasian children (N = 933 for discovery GWAS 
and N  =  486 for replication). They identified 
IZUMO3 and RBFOX1 GWAS loci associated 
with LS BMD; and TBPL2 GWAS locus associ-
ated with FN BMD. The IZUMO3 GWAS locus 
was male-specific (p = 1.2 × 10−8) and no associa-
tion with LS BMD was found in female (p = 0.89). 
A significant Het test (p  =  2.1 × 10−4) suggests 
SNP-by-sex interaction and sex (male)-modified 
genetic effects to affect LS BMD. Thus, studying 
genetic determinants of the pediatric bone density 
may most likely identify bone modeling and bone 
growth genes. On the other hand, studying genetic 
determinants of bone density in adult may iden-
tify genetic determinants of bone remodeling and 
bone loss.

Vitamin D insufficiency, affecting approxi-
mately 40% of the general population in developed 
countries, is found to be associated with musculo-
skeletal consequences [63]. Although vitamin D 
may have beneficial effects on bone health, meta-
analyses of vitamin D trials show no effects on 
bone density or fracture risk [64]. GWAS meta-
analyses have identified several GWAS loci, 
including CYP2R1, GC, NADSYN1/DHCR7, 
CYP24A1, SEC23A, and AMDHD1 loci that are 
associated with serum 25- hydroxyvitamin D con-
centrations in European populations [49, 50]. 
Sapkota et al. [52] reported FOXA2 and SSTR4 loci 
associated with serum vitamin D deficiency in 
3538 South Asian Indians. Hong et al. [53] reported 
KIF4B, ANO6/ARID2, and HTR2A loci associated 
with 25-hydroxyvitamin D concentrations in 8541 
African-Americans and 3485 Hispanic Americans. 

Given conflicting results reported regarding the 
beneficial effect of vitamin D intake and fracture 
risk, we performed a Mendelian randomization 
analysis using summary statistics from the largest 
fracture GWAS meta-analysis to inference causal 
relation between serum vitamin D level and frac-
ture risk [44]. Mendelian randomization approach 
is a way to perform causal inference between 
“exposure” and “outcomes” via using genetic vari-
ants as instrumental variables. In this case, serum 
25-hydroxyvitamin D concentration is the “expo-
sure” and fracture risk is the “outcome.” We uti-
lized published GWAS loci and variants of serum 
25-hydroxyvitamin D concentration as the “instru-
mental variables.” As a positive control, Mendelian 
randomization analyses showed a clear effect of 
BMD on fracture risk. One SD decrease in geneti-
cally determined BMD of the femoral neck was 
associated with a 55% increase in fracture risk 
(OR = 1.55; 95%CI = 1.48~1.63; P = 1.5 × 10−68), 
suggesting robustness of such approach to infer-
ence causal relations. Mendelian randomization 
analyses agreed with the findings from clinical tri-
als and showed no evidence for serum vitamin D’s 
effect on fracture. Vitamin D levels assessed by use 
of 25- hydroxyvitamin D concentration variants 
were not linearly associated with increased fracture 
risk (OR = 0.84 per SD of vitamin D decreased, 
95% CI  =  0.70~1.02, P  =  0.07). Given our 
Mendelian randomization work only examined a 
linear relation between vitamin D levels and frac-
ture risk, further analyses are needed with a thresh-
old dependent relation—that is, effects that could 
be present only at very low levels of vitamin D.

 Functional Enrichment  
on GWAS Findings

Functional characterization of common variants 
linked to skeletal phenotypes remains a major 
challenge. To better characterize GWAS findings, 
we investigated functional enrichment of the 
mapped protein-coding genes in GWAS loci. 
Gene function information was obtained from 
gene ontology database (http://geneontology.
org/). As shown in Table  25.1, GWAS mapped 
genes are enriched in key biological pathways of 
skeleton, including skeletal system development, 
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Table 25.1 The functional enrichment of the mapped GWAS genes

Gene Ontology (GO) 
Term Genes Count FDR-P Value
Skeletal system 
development

CYP24A1, LTBP3, MMP9, PRRX1, MMP2, CTNNB1, 
HOXD11, HOXC6, TNFRSF11B, HOXC9, TNFRSF11A, 
COL11A1, WWOX, GHR, IDUA, SATB2, TBX15, ARID5B, 
MGP, MEPE, MMP14, PTHLH, EYA1, NAB1, COL1A2, 
FOXC1, COL1A1, ALPL, ACHE, HOXA11, SOX5, SOX6, 
BCL2, PKD1, AXIN2, RUNX2, PAPSS2, BMP4, BMP2, 
TBX3, TBX4, DMP1, TGFBR2, SMAD3, EN1, GAS1, FRZB, 
HDAC4, SOST, TNFSF11, TRPS1, DLX5, ETS2, SP7, 
BMPR1B, BMP5

56 6.83E-15

Positive regulation of 
macromolecule metabolic 
process-biosynthetic 
process

DLC1, E2F1, MEF2C, EVX1, AURKAIP1, THRB, FOXK1, 
FOXA2, STAT5A, PPARG, FOXO1, GJA1, CTNNB1, TGFB2, 
ZBTB38, WNT1, SMARCD3, ATG7, PDGFC, RARB, YAP1, 
ITCH, SERTAD2, GHR, ANAPC1, IRS2, SATB2, ANAPC4, 
ESR1, ARID1A, ARID1B, MECOM, IRS1, ARHGEF11, OSM, 
PSMA1, CCND1, EYA1, VEGFA, FOXC1, SMARCAD1, 
GLIS2, CSF1, SOX5, SOX6, TCF7L2, TCF7L1, LIF, PSMB3, 
BCL2, NFAT5, CD4, TCF4, RUNX1, RUNX2, AXIN1, 
ZNF423, APC, BMP4, KLF6, BMP2, IKZF2, SMAD9, 
LMX1B, TBX3, KLF12, SMAD7, MAFB, CREBBP, SMAD3, 
TEAD1, CREB5, AFF1, ISL1, KAT5, HDAC5, HDAC4, 
PSMD13, CSRNP3, MEOX1, ETS2, EBF1, HIVEP3, MTOR, 
KLF2, NFIC, KLF4

87 2.47E-09

Limb development and 
morphogenesis

HOXA11, DICER1, PRRX1, HOXD11, CTNNB1, CYP26B1, 
FBXW4, FBN2, RARB, IDUA, TBX3, FTO, TBX4, EN1, MBNL1, 
GAS1, MECOM, DKK1, MEOX2, DLX5, PSEN2, LRP6, PTCH1, 
BMPR1B, LRP5

25 3.82E-08

Wnt receptor signaling 
pathway

WNT16, NDP, TCF7L2, TCF7L1, CTNNB1, WNT1, WNT4, 
MACF1, RSPO3, FBXW4, RSPO2, AXIN2, APC, AXIN1, 
TLE3, CELSR2, FRZB, FZD7, WNT2B, CCND1, WNT7B, 
DKK1, NXN, KREMEN1, SFRP4, LRP6, CSNK1G3, LRP5

28 6.62E-08

Embryonic limb 
morphogenesis

TBX3, HOXA11, DICER1, TBX4, FTO, PRRX1, EN1, GAS1, 
MBNL1, MECOM, CTNNB1, HOXD11, DKK1, DLX5, 
FBXW4, PSEN2, CYP26B1, LRP6, PTCH1, RARB, FBN2, 
LRP5

22 3.41E-07

Regulation of RNA 
metabolic process

MEF2C, THRB, STAT5A, RBM5, FOXO1, REST, HOXD11, 
CTNNB1, IGHMBP2, HOXC6, TBPL2, WNT1, FLI1, 
HOXC9, SMARCD3, RARB, SATB2, RREB1, MTA1, ZHX3, 
ARID1A, ARID1B, MECOM, FOXN3, RAB18, ZNF783, 
VEGFA, NFE2L1, ERC1, ZNF436, LITAF, HOXA11, SOX5, 
SOX6, MEIS1, LIF, FOXQ1, MUSK, TCF4, RUNX1, RUNX2, 
LHX9, BMP4, DNMT3A, KLF6, BMP2, SMAD9, IKZF2, 
KLF12, KLF9, SMAD7, MAFB, CREBBP, KLF11, TEAD1, 
SMAD3, EN1, CELSR2, KAT5, MED13L, HDAC5, HDAC4, 
TULP4, SEBOX, CSRNP3, ETS2, TRPS1, DLX5, EBF1, 
ATF7, JAZF1, RFX2, RBPJ, ZFHX3, KLF4, RERE, E2F1, 
PPARD, EVX1, FOXK1, FOXA2, PPARG, FOXK2, PRRX1, 
ZKSCAN5, ZBTB38, BARX1, MKX, YAP1, PDE8A, 
SERTAD2, TBX15, ARID5B, TLE3, ESR1, RUNX1T1, FOSB, 
MBNL1, SPEN, HMGA2, ZNF689, ARHGEF11, OSM, NAB1, 
FOXC1, ZNF484, SUPT3H, SBNO2, IRX5, IRX1, ZNF75A, 
NFIX, TCF7L2, TCF7L1, POLR2A, ZFP36L2, XBP1, NFAT5, 
PEX14, CHD4, NFATC1, ERG, FOXL1, TBX3, LMX1B, 
TBX4, TRIM27, CREB5, AFF1, ISL1, RPS6KA5, PKNOX2, 
MEOX2, MEOX1, ZNF460, SP7, NFIC, NFIA

138 6.21E-07
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Gene Ontology (GO) 
Term Genes Count FDR-P Value
Positive regulation of 
transcription, 
DNA-dependent

E2F1, MEF2C, EVX1, FOXA2, FOXK1, THRB, STAT5A, 
PPARG, FOXO1, CTNNB1, ZBTB38, WNT1, SMARCD3, 
YAP1, RARB, SERTAD2, SATB2, ARID1A, ARID1B, 
MECOM, ARHGEF11, OSM, VEGFA, FOXC1, SOX5, SOX6, 
TCF7L2, TCF7L1, LIF, NFAT5, RUNX1, TCF4, RUNX2, 
BMP4, KLF6, BMP2, IKZF2, TBX3, KLF12, LMX1B, MAFB, 
CREBBP, SMAD3, TEAD1, CREB5, AFF1, KAT5, ISL1, 
HDAC5, HDAC4, CSRNP3, MEOX1, ETS2, NFIC, KLF4

55 7.22E-07

Cell fate commitment FGFR4, EVX1, FOXA2, HOXA11, PPARG, SOX5, JAG1, 
SOX6, TCF7L2, CTNNB1, HOXD11, TGFB2, WNT1, BCL2, 
CYP26B1, FRS2, RUNX2, BMP4, BMP2, GAS1, ISL1, KDR, 
EYA1, EYA2, SALL1, PSEN2, KLF4

27 1.01E-06

Tube morphogenesis and 
development

DLC1, FGFR4, FOXA2, HOXA11, DICER1, LGR4, 
HOXD11, CTNNB1, RGMA, WNT4, CD44, DHCR7, BCL2, 
HS6ST1, RARB, HHIP, BMP4, BMP2, TBX3, TBX4, 
TGFBR2, MGP, CELSR1, MMP14, BCL2L11, KDR, PTHLH, 
EYA1, SALL1, VEGFA, PSEN2, FOXC1, PTCH1

33 8.16E-06

Skeletal system 
morphogenesis

SATB2, TBX15, HOXA11, ARID5B, TBX4, TGFBR2, PRRX1, 
MGP, GAS1, MMP2, HOXD11, PTHLH, EYA1, HOXC9, 
NAB1, PKD1, COL1A1, BMPR1B, COL11A1, RUNX2, 
WWOX, IDUA, GHR

23 8.35E-06

Ossification BMP4, CYP24A1, SATB2, BMP2, ACHE, DMP1, SMAD3, 
MGP, MMP14, MMP2, PTHLH, TNFRSF11A, TNFSF11, 
SOST, BCL2, NAB1, FOXC1, SP7, COL1A1, AXIN2, RUNX2, 
WWOX, BMP5

23 1.40E-05

Cartilage development BMP4, SATB2, BMP2, HOXA11, PRRX1, SOX5, MGP, SOX6, 
HOXD11, PKD1, COL1A1, BMPR1B, COL11A1, RUNX2, 
BMP5, GHR

16 1.57E-03

Response to hormone 
stimulus

ALPL, ARSB, DHH, TACR3, STAT5A, IGFBP7, ADCY5, 
PPARG, FOXO1, PDE3B, AQP1, TGFB2, CPN1, CTNNB1, 
TNFRSF11B, PRKAR2A, BCL2, GNG7, GHR, BMP4, 
KCNMA1, IRS2, GNRH1, TGFBR2, ESR1, MGP, CRIPAK, 
MMP14, IRS1, HDAC5, GRB10, CCND1, ADCY9, MC4R, 
TGFBR3, PTCH1, MTOR, COL1A1, RGS9

39 2.99E-03

Enzyme-linked receptor 
protein signaling pathway

FGFR4, LTBP3, STAT5A, FOXO1, GREM2, TGFB2, LIF, 
MUSK, DGKD, CD4, PDGFC, NRG1, FRS2, GNG7, GHR, 
BMP4, PTPRJ, IRS2, BMP2, PTPRD, SMAD9, SMAD7, 
ARID5B, TGFBR2, AXL, SMAD3, IRS1, KDR, RPS6KA5, 
EPHA4, GRB10, VEGFA, COL1A2, SPTBN1, TGFBR3, 
FOXC1, BMPR1B

37 3.83E-03

Osteoblast differentiation PTHLH, BMP4, CYP24A1, SATB2, ACHE, BMP2, SMAD3, 
SP7, COL1A1, RUNX2, WWOX

11 2.36E-02

Table 25.1 (continued)

skeletal system morphogenesis, limb develop-
ment and morphogenesis, embryonic limb mor-
phogenesis, Wnt/β-catenin receptor signaling 
pathways, ossification, cartilage development, 
response to hormone stimulus, and osteoblast dif-
ferentiation. In addition to the skeletal biology 
pathways, GWAS mapped genes are also enriched 
in positive regulation of macromolecule biosyn-

thetic process, regulation of RNA metabolic pro-
cess, DNA-dependent positive regulation of 
transcription, cell fate commitment, tube morpho-
genesis and development, and enzyme-linked 
receptor protein signaling pathway. Other biologi-
cal functions, although not enriched in GWAS 
findings, may be specific to certain GWAS 
mapped genes. These functional pathways include 
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regulation of osteoclast differentiation (CALCA, 
TNFSF11, CSF1, CTNNB1, APC genes), regula-
tion of chondrocyte differentiation, and endo-
chondral bone morphogenesis (PTHLH, BMP4, 
COL1A1, CTNNB1, GHR, HOXA11, HOXD11, 
NAB1, THRB, RUNX2), response to steroid hor-
mone stimulus (ALPL, ARSB, BCL2, ESR1, 
PPARG, PTCH1, RGS9, TGFBR2, TGFB2), regu-
lation of mesenchymal cell proliferation (IRS2, 
VEGFA, TGFBR2, PRRX1, GAS1, IRS1, KDR), 
regulation of muscle development (HDAC5, 
BMP4, HDAC4, MUSK, TBX3, BCL2, TGFBR2, 
SMAD3, NRG1, LUC7L, ZFHX3), metanephros 
development (BMP4, EYA1, BMP2, CD44, 
SALL1, BCL2, HOXA11, FOXC1, RARB, 
HOXD11), cell-matrix adhesion (DLC1, EPDR1, 
ITGA1, ITGB5, VTN, ITGB2, BCL2L11, CTNNB1, 
CD44, BCL2, FBLN5, PKD1, THBS3), response 
to mechanical stimulus (BMP4, BMP2, SLC1A3, 
TGFBR2, PKD1, MGP, PTCH1, COL1A1, 
MMP14, COL11A1), pathway- restricted SMAD 
protein phosphorylation (BMP2, SMAD7, 
TGFBR2, TGFBR3, TGFB2), regulation of pepti-
dyl-serine phosphorylation (OSM, LIF, SMAD7, 
BCL2, AXIN1) and carbohydrate homeostasis 
(GCKR, PPARG, PDE3B, PTCH1, BAD, 
CACNA1C, IRS1, TCF7L2 genes). GWAS find-
ings provide significant numbers of novel hypoth-
eses and may elucidate the functional implications 
for skeletal metabolism that will bring new 
insights into skeletal biology.

 Characterizing Novel Functions 
from GWAS Mapped Genes

GWAS identified genetic variants associated with 
bone-health-relevant phenotypes. Although, such 
approach provides an unbiased hypothesis-free 
approach to screen the genetic determinants of 
traits/phenotypes across the whole genome, the 
simple statistical signals do not provide the 
much-needed functional implication to predict 
the underlying biological processes involved in 
disease pathophysiology. Functional studies, 
including experiments in cellular and animal 
models will need to be conducted to further char-
acterize the functional involvement of these asso-

ciated variants and their targeted genes. Although 
604 GWAS loci have been identified, only a 
handful of loci/genes have been characterized 
with regard to their functional impact on bone 
health. The limitations are due to low- throughput, 
time-consuming wet-lab experiments as well as 
the difficulty to identify targeted genes affected 
by associated variants. Since the majority of the 
GWAS findings are in the non-coding regions, as 
well as due to the linkage disequilibrium (LD) 
among SNPs, it is not always a trivial task to 
identify targeted genes affected by associated 
SNPs. The current approach to map candidate 
genes to GWAS loci is to map the nearest protein- 
coding gene near the most significantly associ-
ated SNP in each GWAS locus. Given there may 
be multiple independent associated SNPs in each 
GWAS locus as well as more than one potential 
biological candidate gene(s) in each GWAS 
locus, multiple protein-coding genes may be 
mapped as targeted candidate genes affected by 
associated SNPs in each GWAS locus.

In addition to well-known and well-studied 
genes functioning in the OPG/RANK/RANKL 
pathway and Wnt/β-catenin signaling pathways, 
the following are a few examples of potential 
novel biology discovered from GWAS studies 
with functional experiments.

EN1 encodes the engrailed homologs 1 and is 
one of the homeobox-containing genes. The 
human engrailed homologs 1 and 2 encode 
homeodomain-containing proteins and have 
been implicated in the control of pattern forma-
tion during development of the central nervous 
system. In addition, EN1 has been shown to be 
involved in Wnt signaling interaction with Dkk1 
[65]. Studies of calvarial bone development and 
fracture healing of long bones in mice have 
shown that perinatal En1−/− mutants display 
osteopenia and enhanced skull bone resorption, 
whereas in normal adult mice En1 is up-regu-
lated in the bone callus post fracture [66]. The 
EN1 locus harbors multiple non-coding variants 
associated with both increased LS and FN 
BMD.  The EN1 locus is also associated with 
reduced fracture risks with ORs ranging from 
0.85 to 0.98 per minor allele of different SNPs 
[18]. To investigate the functional role of EN1 in 
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bone metabolism, we generated En1 knockout 
mice [66]. Most En1−/− animals die soon after 
birth, we generated En1Cre/flox self-deleted En1 
(sdEn1) conditional mutants. We found that 

mutants have lower trabecular bone volume 
fraction (BV/TV), trabecular number (Tb.N), 
and trabecular thickness (Tb.Th) estimated by 
μCT in both the lumbar L5 vertebrae (Fig. 25.4) 

Histomorphometry

16

Control
sdEn1

12

Tb.N
1.6e–03

BV/TV
5.2e–04

Tb.Th
6.7e–05

TRAP/BS
6.7e–04

8

%
 o

f T
ot

al

4
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Fig. 25.4 Bone microarchitecture at lumbar L5 vertebrae estimated by μCT in the En1Cre/flox self-deleted En1 (sdEn1) 
conditional mutants. (Reprinted from Zheng et al. [18]. With permission from Springer Nature)
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and the femur (Fig. 25.5) as compared to litter-
mate controls. Histomorphometry images of L5 
vertebrae (Fig. 25.4 Left) showed decreased tra-
becular bone volume and increased bone surface 
area occupied by osteoclast cells (TRAP/BS) 
when comparing En1Cre/flox mutants to the 
En1flox/+ control mice. A decrease in femoral cor-
tical thickness was also observed (Fig.  25.5). 
These findings suggest that En1 plays an impor-
tant role in bone physiology. We hypothesized 
the potential mechanism for the low bone mass 
might be an increase in osteoclastic activity 
induced by En1 null osteogenic cells. This then 
initiated the expected coupled increase in min-
eralizing bone formation mediated by an 
increased number of osteogenic cells and thus 
conformed to a high-turnover, osteoporosis-like 
phenotype. Further experiments are needed to 
validate this hypothesis.

GPC6 encodes a member of the 
glycosylphosphat idyl inosi tol -  anchored, 
membrane- bound heparan sulfate proteoglycan 

protein family that is involved in cellular growth 
control and differentiation. The heparan sulfate 
proteoglycans attached to the GPC6 core protein 
regulate Wnt signaling pathways [67] and may 
involve in bone formation and mineralization. 
Gpc6−/−mice had femurs and vertebrae that were 
shorter than the wild type. Gpc6−/− mice also had 
increased femoral bone mineral content and 
increased cortical thickness. The biomechanical 
consequence of these structural abnormalities 
was an increase in yield load, which reflects an 
increased material elasticity [34]. In addition, 
loss of function (LoF) mutations in GPC6 result 
in omodysplasia-1 (MIM 258315), a rare autoso-
mal recessive skeletal dysplasia characterized by 
short-limbed dwarfism with craniofacial dysmor-
phism, suggesting a role for GPC6 in skeletal 
biology [68].

DAAM2 (dishevelled associated activator of 
morphogenesis 2) is a key regulator of the Wnt 
signaling pathway, which is required for vari-
ous processes during development [69], such as 
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Fig. 25.5 Bone microarchitecture at femur estimated by μCT in the En1Cre/flox self-deleted En1 (sdEn1) conditional 
mutants. (Reprinted from Zheng et al. [18]. With permission from Springer Nature)
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dorsal patterning, determination of left/right 
symmetry, or myelination in the central nervous 
system. DAAM2 acts downstream of Wnt 
ligands and upstream of beta-catenin 
(CTNNB1) and it is required for canonical Wnt 
signaling pathway during patterning in the dor-
sal spinal cord by promoting the aggregation of 
Disheveled (Dvl) complexes, thereby clustering 
and formation of Wnt receptor signalosomes 
and potentiating Wnt activity. CRISPR–Cas9-
mediated knockouts of DAAM2 in osteoblast 
cells lines resulted in a marked reduction in 
inducible mineralization [36]. Despite normal 
trabecular and cortical bone density as well as 
minimal changes in bone morphology and min-
eral content in Daam2 KO mice, we found 
marked reduction in bone strength, especially 
increased porosity, suggesting that Daam2 KO 
mice is not simply a result of abnormal bone 
turnover, but also a consequence of increased 
porosity and impaired bone composition and 
structure [36].

 Pharmacogenetics of Osteoporosis 
Treatments

As shown in Table  25.2, current FDA-approved 
anti-resorptives include bisphosphonates (BPs) 
(e.g., alendronate, risedronate, ibandronate, and 
zoledronic acid), calcitonin, estrogen  agonist/
antagonist (raloxifene), estrogens and/or hormone 
therapy, tissue-selective estrogen complex (conju-
gated estrogens/bazedoxifene), parathyroid hor-
mone 1–34(teriparatide, abaloparatide), and the 
receptor activator of nuclear factor kappa- B 
(RANK) ligand inhibitor denosumab [70, 71] that 
decreases bone resorption [72]. Anabolic agents, 
such as teriparatide and abaloparatide, are human 
parathyroid hormone analogs and promote the 
production of new bone [73]. Romosozumab, a 
newly approved monoclonal antibody, blocks the 
effects of sclerostin secreted by osteoclasts and 
works mainly by increasing new bone formation, 
which has been added to osteoporosis treatment 
options recently [74]. According to the 2016 

Table 25.2 FDA-approved drugs for postmenopausal women and/or men at high risk of fracture with osteoporosis

Drug category Drug name Drug target Target Gene Drug Action
Bisphosphonates Alendronate

Risedronate
Zoledronic acid
Ibandronate

Farnesyl 
pyrophosphate 
synthase
(FPS/FDPS)

FDPS Inhibitor

Zoledronic acid Geranylgeranyl 
pyrophosphate 
synthase(GGPS)

GGPS1 Inhibitor

Selective estrogen 
receptor modulators
(SERMs)

Raloxifene Estrogen receptor 
alpha (ERα)
Estrogen receptor 
beta (ERβ)

ESR1
ESR2

Agonist
Bazedoxifene Agonist/antagonist

Estrogens Estradiol
(E2 or 
17β-estradiol)

ERα, ERβ ESR1, ESR2 Agonist

Calcitonin-like protein 
family

Calcitonin Alpha-actinin-1 ACTN1 Incorporation into and 
destabilization

Parathyroid hormone 
(PTH)/parathyroid 
hormone–related protein 
(PTHRP) analogs

Teriparatide PTH/PTHRP 
receptor

PTH1R Agonist
Abaloparatide PTH1R Agonist

Monoclonal antibody Denosumab Tumor necrosis 
factor(TNF) ligand 
superfamily member 
11

TNFSF11 Neutralizing antibody

Romosozumab Sclerostin SOST Neutralizing antibody

Based on data from Refs. [75, 121]
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American Association of Clinical Endocrinologists/
American College of Endocrinology (AACE/
ACE) guidelines, first- line treatments for post-
menopausal osteoporosis patients at high risk of 
osteoporotic fracture include alendronate, risedro-
nate, zoledronic acid, and denosumab. For those 
who cannot use oral therapies and are at high risk 
of fractures, use of teriparatide, denosumab, or 
zoledronic acid is recommended [75].

In the context of pharmacogenetics of osteo-
porosis treatments, dozens of association studies 
for anti-resorptives have been published, but no 
GWAS analysis is conducted so far. Most of 
these pharmacogenetics studies have investi-
gated associations between drug response and 
well-studied candidate genes of BMD, for exam-
ple, SNPs in VDR, ERα, ERβ, COL1A1, OPG, 
and LRP5 genes in subjects received hormone 
replacement therapy (HRT) [76–83], SERMs 
[84, 85], or bisphosphonates [86–91]. HRT 
response was also studied in the Wnt/β-catenin 
signaling pathways, including LRP5, FZD6, 
AXIN2, APC, and TCF1 genes [92]. The study 
characteristics and findings are summarized and 
described in Table  25.3. Overall, the genetic 
polymorphisms in VDR gene (TT genotype at 
the TaqI polymorphism) [80, 81], ERα gene (PP 
genotype at the PvuII polymorphism) [77–79, 
82, 85], and COL1A1 gene (SS genotype at the 
Sp1 polymorphism) [83, 88] contributed to 
increased response in terms of BMD increase 
after treatments; but VDR gene (bb genotype at 
the BsmI polymorphism) [86, 87] presented non-
response to anti- resorptive treatments. On the 
other hand, pharmacogenetic studies on genes 
other than VDR, ER α, and COL1A1 genes are 
controversial and need additional studies to rep-
licate their findings.

Among several known adverse drug reac-
tions (ADRs) of osteoporosis treatments, 
genetic associations were examined in rare but 
severe ADRs, including osteonecrosis of the jaw 
(ONJ) and atypical fracture of the femoral bone 
(AFF). These are well-known ADRs associated 
with long-term bisphosphonate use [93]. The 
incidence of ONJ in patients with osteoporosis 
treatment is low at 0.1%, while the incidence in 
cancer patients treated with high doses of intra-

venous bisphosphonates is much higher at 
3–10% [94]. A few genes have been reported to 
be associated with higher risks of the ONJ. These 
genes are CYP2C8 [95–97], COL1A1 [98, 99], 
RANK [98, 99], MMPs [98–100], OPG [98, 99], 
OPN [98, 99], FDPS [101], and RBMS3 [102]. 
With relatively small sample size and limited 
replications, these findings will need to be fur-
ther validated [103].

AFF has been observed for subjects that 
received 4+ years of bisphosphonate treatment. 
The risk of developing AFF decreased rapidly 
after cessation of treatment [104–106]. Kharazmi 
et al. [107] conducted a GWAS analysis regard-
ing bisphosphonate-associated AFF in 51 cases 
and population-based controls (n  =  4891) and 
found no association with genome-wide signifi-
cance. With small sample size and lack of statisti-
cal power, Kharamzi et  al. concluded that their 
study found no evidence of a common genetic 
predisposition for bisphosphonate-associated 
atypical femoral fracture. Roca-Ayats et al. [108] 
performed whole-exome sequencing on six AFF 
(including one family with three sisters and three 
unrelated additional patients) all treated with BPs 
for more than 5  years and three controls (three 
subjects treated with BPs for more than 6 years 
but without AFFs). A total of 37 rare and poten-
tially pathogenic variants (in 34 genes) shared by 
the three sisters and/or three unrelated additional 
patients, were identified, such as the p.Asp188Tyr 
mutation in the GGPS1 gene; p.Arg98Trp and 
p.Ser216Cys in the CYP1A1 gene, p.Arg97Gln in 
the MVD gene as well as rare coding mutations in 
SYDE2, NGEF, COG4, and FN1 genes. The 
Asp188 in the GGPS1 gene is located in an active 
site of the geranylgeranyl pyrophosphate (GGPP) 
synthase, which is involved in the binding of the 
substrate via a magnesium salt bridge. Functional 
validation found that p.Asp188Tyr markedly 
reduced GGPP synthase activity in shRNA- 
mediated knockdown of GGPS1  in both mouse 
calvarial and mouse macrophage cells lines 
[109]. Loss of GGPPS function resulted in defec-
tive osteoblast and osteoclast activity [109]. 
Thus, the p.Asp188Tyr mutation in the GGPS1 
gene may play a role in bone fragility in these 
patients, exacerbated by BP treatment.
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Pharmacogenetic studies in the area of osteo-
porosis therapeutics remain quite preliminary. 
Additional efforts are needed to understand 
molecular mechanisms of drug action to their 
targets, to systematically identify genetic deter-
minants of treatment response [110] and to 
develop practical approaches to preemptive 
pharmacogenetics implementation toward clini-
cal practice that include patients’ genetic pro-
files especially for the severe ADRs. These 
approaches could advance precision medicine 
for osteoporosis treatments and contribute to 
patients’ quality of life.

 Future Directions

The discovery of underlying genetic determinants 
will expand our understanding of biological 
mechanisms that control skeletal integrity. 
Furthermore, this work will create opportunities 
for novel diagnostics and drug targets to support a 
personalized approach to treating osteoporosis 
and prevent osteoporotic fracture [111]. With 
increased availability of genome-wide genotyp-
ing, sample size of GWAS analyses on bone- 
health- relevant phenotype increased dramatically. 

Figure 25.6 graphically displays this linear rela-
tionship between sample size and the number of 
identified independent GWAS associated SNPs. 
Thus, as the sample sizes grow, we expect to iden-
tify more GWAS associated SNPs. On the other 
hand, although GWAS have made strides in iden-
tifying loci that point to underlying disease patho-
physiology, such GWAS approach has inherent 
limitations. To date, we have identified 604 loci 
associated with bone-health-relevant phenotypes, 
yet GWAS-identified loci explained only 20–40%, 
a small fraction, of the genetic variance of bone-
health-relevant phenotypes. This is the so-called 
missing-heritability phenomenon [112, 113] and 
simply increasing sample size will not lead to the 
discovery of all the missing heritability by current 
GWAS approach, which is focused on common 
variants. Undiscovered, less common, rare and 
private coding and non-coding variants, as well as 
structural variations that have larger effect sizes 
are likely important; and may explain the remain-
ing missing heritability. As an example, a small-
scale whole-exome sequencing (WES) and 
whole- genome sequencing (WGS) among 
Icelandic people revealed loss of function muta-
tions in LGR4 [28], COL1A2 [29], and PTCH1 
[30] associated with extreme low BMD. Although 
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WES has identified functional coding variants 
for complex phenotypes, but less than 5% of 
trait- associated SNPs from GWAS lie in coding 
regions [114]. If this proportion is representative 
of the distribution of truly causal variants, WGS 
will be required to discover variants located in 
intronic, intergenic, and promoter regions. 
Recent studies [115–118] have established the 
potential for whole-genome sequencing (WGS) 
to provide comprehensive enumeration of 
sequence variation necessary for the detection of 
functional alleles that provide important clues to 
disease pathophysiology. The Trans-Omics for 
Precision Medicine (TOPMed) Project [119], 
sponsored by the National Institutes of Health’s 
National Heart, Lung and Blood Institute 
(NHLBI), is the largest population-based whole-
genome sequencing project for common/com-
plex disorders/phenotypes. As of June 2019, 
over 120,000 deeply sequenced whole genomes 
have been done in subjects with different ethnic/
ancestral genetic background. We and others are 
utilizing this resource to identify less common 
and rare variants that are associated with BMD 
and fracture phenotypes [120]. The TOPMed 
project is part of a broader Precision Medicine 
Initiative. In addition to whole-genome sequenc-
ing (WGS), the project is also measuring other 
omics, including metabolic profiles, protein and 
RNA expression pattern data with other phe-
nomics, environmental, and clinical data. This 
resource will offer the opportunity to integrate 
different “omics” together to understand patho-
physiology of diseases as well as develop better 
therapeutic approaches.
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