
Reduced Bone Modeling and Unbalanced
Bone Remodeling: Targets
for Antiresorptive and Anabolic Therapy

Sabashini K. Ramchand and Ego Seeman

We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.
T.S. Eliot, Little Gidding, The Four Quartets
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Abstract

Bone loss during advancing age is the net result of reduced modeling-based
bone formation upon the outer (periosteal) envelope and unbalanced remodeling
by basic multicellular units (BMUs) upon the three (intracortical, endocortical,
and trabecular) components of the inner (endosteal) bone envelope. Each BMU
deposits less bone than resorbed, reducing total bone volume and deteriorating
the microstructure of the diminished residual bone volume.

Antiresorptive agents like bisphosphonates reduce, but do not abolish, the
rate of bone remodeling – fewer BMUs remodel, “turn over,” the volume of
bone. Residual unbalanced remodeling continues to slowly reduce total bone
volume and deteriorate bone microstructure. By contrast, denosumab virtually
abolishes remodeling so the decrease in bone volume and the deterioration
in microstructure cease. The less remodeled matrix remains, leaving more time
to complete the slow process of secondary mineralization which reduces the
heterogeneity of matrix mineralization and allows it to become glycosylated,
changes that may make the smaller and microstructurally deteriorated bone
volume more brittle. Neither class of antiresorptive restores bone volume or its
microstructure, despite increases in bone mineral density misleadingly suggesting
otherwise. Nevertheless, these agents reduce vertebral and hip fractures by
50–60% but only reduce nonvertebral fractures by 20–30%.

Restoring bone volume, microstructure, and material composition, “curing”
bone fragility, may be partly achieved using anabolic therapy. Teriparatide,
and probably abaloparatide, produce mainly remodeling-based bone formation
by acting on BMUs existing in their resorption, reversal, or formation phase at
the time of treatment and by promoting bone formation in newly initiated BMUs.
Romosozumab produces modeling-based bone formation almost exclusively
and decreases the surface extent of bone resorption. All three anabolic agents
reduce vertebral fracture risk relative to untreated controls; parathyroid hormone
1-34 and romosozumab reduce vertebral fracture risk more greatly than
risedronate or alendronate, respectively. Evidence for nonvertebral or hip fracture
risk reduction relative to untreated or antiresorptive-treated controls is lacking
or inconsistent. Only one study suggests sequential romosozumab followed by
alendronate reduces vertebral, nonvertebral, and hip fracture risk compared
to continuous alendronate alone. Whether combined antiresorptive and anabolic
therapy result in superior fracture risk reduction than monotherapy is untested.
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1 Introduction

Bone remodeling is balanced during young adulthood; equal volumes of bone are
resorbed and replaced by each basic multicellular unit (BMU) (Hattner et al. 1965).
Around midlife, remodeling becomes unbalanced; each BMU resorbs a smaller
volume of bone at discrete points upon the three (intracortical, endocortical, and
trabecular) components of the endosteal (inner) surface of the bone, but the volume
of new bone subsequently deposited is even less than the volume resorbed (Lips
et al. 1978). In women, estrogen deficiency associated with menopause worsens
age-related remodeling imbalance because the life span of osteoclasts increases,
resulting in an increased volume of bone resorbed, while the life span of osteoblasts
decreases further (Manolagas 2000). Less bone is deposited in a larger cavity
worsening the focal net volume deficit. Bone loss and microstructural deterioration
are amplified by the increased birth rate of BMUs associated with estrogen
deficiency; more unbalanced remodeling events occur upon the three components
of the endosteal surface, renewing, “turning over,” and eroding, a larger proportion
of the ever-diminishing total bone volume (Parfitt 1984).

This remodeling imbalance is the necessary and sufficient morphological basis
of bone loss (Parfitt 1984). Remodeling imbalance upon the intracortical surfaces of
the Haversian canals enlarges them focally producing more surface upon which
unbalanced remodeling can be initiated (Bjornerem et al. 2011). Canals traversing
the inner cortex (adjacent to the medullary canal) coalesce, cavitating the cortex,
a morphological effect that contributes more to cortical thinning than unbalanced
endocortical remodeling (which enlarges the medullary canal) (Zebaze et al. 2010).
Age-related resorption upon trabeculae causes them to thin. Trabeculae are lost after
menopause as the larger resorption cavities perforate and remove them completely
(Dempster et al. 1995). Trabeculae become less interconnected and more rod-like
(Dempster et al. 1995). Loss of trabeculae with their surfaces results in slowing
or cessation of trabecular bone remodeling because there is no longer a surface
for remodeling to be initiated upon. Total bone surface may remain unchanged or
increase, but it is now located in the cortical compartment (Bjornerem et al. 2011).
Intracortical remodeling intensity increases, and bone loss becomes predominantly
cortical (Zebaze et al. 2010). There is little trabecular bone remaining, and the more
rapid bone loss erodes an ever-decreasing cortical bone volume predisposing to
nonvertebral fractures.

Bone resorption by the BMU affects morphology at higher levels of resolution.
For example, the radial extent of resorption defines the diameter of osteons in
cortical bone and hemiosteons formed upon the endocortical and trabecular surfaces.
The radial extent of resorption is delineated by the cement line which separates
osteons from each other and the interosteonal (interstitial) bone matrix (Mohsin
et al. 2006). The age-related reduction in the volume of bone resorbed by each
BMU produces smaller osteons, whereas after menopause, the longer living
osteoclasts excavate larger cavities producing larger osteons with a larger central
canal (produced by the reduction in bone formation by each BMU) with fewer
lamellae and a reduction in the population of osteocytes per osteon. The diminishing
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total cortical bone volume becomes more porous, there are more osteons of varying
size, and the matrix mineral density of the diminishing total bone volume decreases
due to rapid replacement of older more mineralized bone with younger less
mineralized bone (Bjornerem et al. 2018). Advanced glycation end products increase
collagen cross-linking compromising matrix ductility (Poundarik et al. 2015; Saito
et al. 2008; Tang et al. 2007; Vashishth 2007). The resulting decline in total bone
volume, microstructural deterioration, and altered material properties compromise
bone strength predisposing to fractures (Seeman and Delmas 2006).

The loss of bone from the three components of the endosteal envelope proceeds
with a concurrent decrease in periosteal modeling-based bone formation (Seeman
2003). Whether there is also modeling upon the endosteal envelope is uncertain
and is difficult to establish in the face of rapid unbalanced remodeling which is likely
to erode any concurrent modeling-based bone formation (Ominsky et al. 2015).
Whatever the case, the cellular mechanisms determining the volumes of bone
resorbed and formed by each BMU, the birth rate of the these BMUs, concurrent
age-related reduction in periosteal and endosteal modeling-based bone formation,
the compromised bone volume, microstructure, osteocyte population, and the
material properties of bone are each rational targets for the prevention and reversal
of bone fragility (Seeman and Martin 2015, 2019) (Fig. 1).

Anabolic Surface levelBMU  level

periosteal bone 
forma�on

numbers of
unbalanced BMUs

forma�on 

resorp�on 

Targets for An�resorp�ve and Anabolic Agents

An�resorp�ves

Fig. 1 Drug therapy targets the cellular activity of the basic multicellular units (BMUs) and the
surface extent of this activity upon the periosteal and three components of the endosteal surface.
Antiresorptive agents reduce the volume of bone resorbed by each BMU and reduce the number of
BMUs producing unbalanced remodeling and thereby slow bone loss. Anabolic agents may
increase the volume of bone formed by each BMU and increase bone formation upon the periosteal
and the endosteal surfaces
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2 Antiresorptive Therapy

Antiresorptive agents are remodeling suppressants (Russell et al. 2008). These
agents probably reduce the volume of bone resorbed by each BMU (Allen
et al. 2010), but the most important benefit these agents confer is that they reduce
the rate of unbalanced remodeling. The bisphosphonates, and weaker remodeling
suppressants like selective estrogen receptor modulators (SERMs) and calcium
supplements, slow unbalanced bone remodeling; they do not abolish it (Russell
et al. 2008). Slowing remodeling reduces the rate of decrease in bone volume
and microstructural deterioration, but the unsuppressed unbalanced remodeling
continues to deteriorate the skeleton, albeit more slowly than without treatment.
Denosumab, the most efficacious remodeling suppressant, virtually abolishes
remodeling by inhibiting existing BMUs in their resorptive phase at the time
of starting treatment and by preventing differentiation of precursors into mature
bone-resorbing osteoclasts (McClung et al. 2006). Any further decrease in total bone
volume and microstructural deterioration virtually stops.

Antiresorptive agents are not anabolic; they do not restore the reduced
bone volume or microstructural deterioration present at the time of initiating
treatment. This important limitation is not obvious because of the misleading effect
antiresorptive agents have on bone mineral density (BMD). Slowing of the rate
of remodeling by 50–60% using bisphosphonates or by 20–30% with SERMs or
calcium supplements is expected to slow the decline in BMD. Stopping bone
loss using denosumab should stop the decline in BMD.

Neither slowing nor stopping the decline in BMD is observed. On the contrary,
there is a rapid initial increase in BMD during the first 6–12 months of therapy, a
change erroneously interpreted as being an increase in bone matrix mass or volume
(Fig. 2). This is a net increase, the result of four events produced by interrupting
steady-state remodeling. At the onset of treatment surface-level remodeling is
perturbed. There is a prompt reduction in the number of new BMUs excavating
cavities upon the endosteal surface (which does not increase BMD). The cavities
may be smaller because of a reduction in the volume of bone resorbed by
bisphosphonates and, probably, denosumab (Allen et al. 2010). Concurrently,
the many more cavities excavated upon the endosteal surface weeks before
starting treatment enter their formation phase and refill (but still do so incompletely
because remodeling imbalance is not corrected). The matrix of the many
cavities incompletely refilling undergoes primary mineralization within days of
being deposited, while matrix deposited weeks to months earlier (but no longer
being remodeled) undergoes more complete secondary mineralization (a process
taking many months if not years to complete) (Akkus et al. 2003).

These four morphological features (newly excavated cavities, incompletely
refilling cavities, incomplete primary and secondary mineralization) are part of the
reversible remodeling space deficit in matrix and mineral produced by the normal
delay in onset and slowness of the formation phase of remodeling and slowness
of matrix mineralization (Parfitt 1980). Whether this early increase in BMD is
mainly due to early bone matrix deposition or matrix mineralization is not known.
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It is unlikely to be matrix deposition because this is no different to the matrix
deposition in controls at this stage. What differs from controls is the fewer
cavities being excavated and the mineralization of the less remodeled bone matrix.

The increase in BMD may correlate with fracture risk reduction (Bouxsein
et al. 2019), but that does not necessarily mean this is a causal relationship. Indeed,
the morphological basis of the fracture risk reduction relative to controls is
incompletely understood but may include (1) the appearance of fewer new stress
risers; (2) less stress imposed by cavities excavated before treatment because
they partly refill; (3) less decrease in bone volume and microstructural deterioration
relative to controls; and (4) initial increases in matrix mineral content which
correct the reduced matrix mineral content produced by rapid matrix turnover.
However, in the longer term, complete matrix mineralization may produce
brittleness – loss of ductility (Akkus et al. 2003; Lloyd et al. 2017).

Effects of AnƟresorpƟve Therapy

Treat

BMD

Bisphosphonate

Remodeling
abolished

Remodeling
slowed by 10-20%

(i)

(ii)

(iii)

Pre-treatment
(A)

Longer-term
(D)

Intermediate-term
(C)

Early
(B)

Remodeling
slowed by 50-60%

Fig. 2 (a) Before treatment. Remodeling is rapid and in steady state, similar numbers of
BMUs resorb a volume of bone as BMUs refilling, but the filling is incomplete, so BMD decreases.
(b) Early antiresorptive therapy. Remodeling is perturbed. Fewer BMUs excavate cavities, and
each cavity is smaller. Concurrently, the many more BMUs excavating bone before treatment now
refill, but incompletely (curved green arrows). Note that the number of BMUs refilling is similar in
the treated and control groups (sloping white arrows). There is a rapid net increase in BMD
(see text). (c) In the intermediate term, during the second and third year, remodeling returns
to steady state but at a slower rate. The fewer and smaller cavities excavated during early
antiresorptive treatment refill incompletely as similar numbers of new BMUs excavate smaller
cavities. (d) In the longer term, (1) with denosumab treatment there is almost complete remodeling
suppression, so BMD increases due to refilling of cavities excavated before treatment unopposed
by the appearance of new cavities; secondary mineralization of the unremodeled matrix (depicted
as whitening of orange matrix); and possible modeling-based bone formation (see text). (2) With
bisphosphonates, secondary mineralization reaches completion, and BMD stabilizes. Cortical
matrix volume may decrease, but this is not captured by the BMD measurement (see text).
(3) Weak antiresorptives reduce remodeling by only 10–20%, so most unbalanced remodeling
continues to reduce bone volume and cause microstructural deterioration
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None of the changes restore microstructural deterioration, the consequence
of remodeling imbalance. Restoring bone volume and microstructure can only be
achieved using bone-forming agents. The initial rise in BMD is less with weaker
antiresorptives because 70–80% of the pre-treatment remodeling rate remains
unsuppressed and continues to produce bone loss and renew bone matrix so that
secondary mineralization does not increase or does so minimally (again, at this
early stage, the number of cavities refilling incompletely is no different in treated
subjects and untreated controls) (Reid et al. 2008; Silverman et al. 2012) (Fig. 2b).

After about 6–12 months, perturbed remodeling (with more BMUs incompletely
refilling cavities than BMUs excavating cavities) returns to steady state (Fig. 2c).
Now, approximately equal numbers of cavities are incompletely refilling and being
excavated, as was the case before treatment (except now remodeling proceeds
more slowly and at a rate determined by the efficacy of the antiresorptive agent
being administered). The incomplete refilling reduces total bone volume and
causes microstructural deterioration, but this proceeds at a lower rate than in
controls. The deterioration is undetectable using bisphosphonates because secondary
mineralization of the declining total bone matrix volume is likely to obscure it.

Indeed, BMD continues to increase, more slowly than it did during the first
6–12 months of treatment, but eventually plateaus after about 3–4 years (Fig. 2d).
The continued bone loss and microstructural deterioration is mainly cortical because
bisphosphonates bind avidly to mineral in superficial subperiosteal and subendosteal
bone and fail to penetrate and distribute in high concentration in deeper cortical
bone; osteoclasts engulfing matrix free of bisphosphonate or having low concentra-
tion of the drug continue to resorb bone. The loss of total bone matrix volume is
greater using weak antiresorptives. The decrease in BMD after about 12 months of
treatment, reflecting a decrease in bone volume, is detectable because 70–80% of
pre-treatment unbalanced remodeling continues when weaker antiresorptives are
used (Reid et al. 2008; Silverman et al. 2012) (Fig. 2d). There is no, or little,
increase in matrix mineralization to obscure the decrease in bone volume because
the bone volume is not resident long enough to undergo complete mineralization.

When the antiresorptive agent used is denosumab, the changes are different.
This drug virtually abolishes remodeling, so the reduction in bone matrix volume
and worsening of microstructural deterioration cease. Instead of newly excavated
cavities appearing as with bisphosphonates or weak antiresorptives, incomplete
refilling of cavities excavated before treatment do so without being offset by the
concurrent appearance of new cavities so total bone matrix volume may increase
because the reduction of the reversible remodeling space deficit in matrix and
mineral is more complete. This increase is not anabolism, the formation of new
bone upon the periosteal surface enlarging the external perimeter of the bone; upon
the intracortical surface of Haversian canals, narrowing them; upon the endocortical
and trabecular surfaces thickening the cortices and trabeculae, respectively.

BMD continues to increase using denosumab beyond 5 years of treatment.
While this might be the result of more complete secondary mineralization, there is
evidence suggesting matrix mineral density does not increase beyond 5 years
(Dempster et al. 2018). There is another reason BMD may continue to increase.
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Periosteal and perhaps endosteal bone modeling continue throughout adult life
(Ominsky et al. 2015). Bone formation by endosteal bone modeling is either
obscured or lost after menopause perhaps because the rapid unbalanced
remodeling removes it. Studies in nonhuman primates suggest that modest
endosteal modeling-based bone formation during adulthood is not removed because
remodeling is virtually completely suppressed during denosumab therapy (Ominsky
et al. 2015). Under these circumstances, total bone matrix volume might increase.

Modeling-based bone formation upon the endosteal surface is held to explain
the continued increase in BMD beyond 5 years using denosumab despite the absence
of comparable data in human subjects. It is also held to account for the low fracture
rates during prolonged therapy up to 10 years. However, this interpretation is also
not well founded for several reasons. The study was not placebo controlled beyond
3 years, and there was significant loss of the inception cohort so it is plausible
that the low fracture rates may be the result of healthy user bias (Bone et al. 2017).
There is no published evidence of a modeling effect upon the endosteal envelope
in human subjects, and whatever the effect, evidence is needed that it is responsible
for the low fracture incidence.

3 Anabolic Therapy

Reconstruction of the skeleton, “curing” bone fragility, requires anabolic therapy.
There are three obvious targets for anabolic therapy – reduced remodeling-based
bone formation by each BMU and reduced modeling-based bone formation upon the
periosteal and each of the three (intracortical, endocortical, trabecular) components
of the endosteal surface.

If anabolic agents increase remodeling-based bone formation, the increased
volume of bone formed by each BMU might produce a positive BMU balance.
If so, it is advantageous to increase the birth rate of BMUs. Widespread positively
balanced remodeling events at many points upon the three components of the
endosteal surface should focally increase bone volume of remaining trabeculae;
thicken the cortex focally, thereby increasing compressive strength; and reduce
intracortical porosity. Teriparatide and probably abaloparatide address some of
these mechanisms.

Modeling-based bone formation upon the periosteal surface is a biomechanically
advantageous location because resistance to bending is a fourth-power function
of the radial distance of a unit bone volume from the neutral axis of a bone
(Ruff and Hayes 1988). Modeling-based bone formation upon the endocortical
surface may thicken the cortices increasing compressive strength, modeling-based
bone formation upon trabecular surfaces will thicken trabeculae and may improve
connectivity of trabecular still interconnected. Whether trabecular number can be
increased has been proposed by splitting of trabeculae (Jiang et al. 2003), but
otherwise, a mechanism for this is yet to be identified. Modeling upon surfaces of
the intracortical canals may reduce cortical porosity. Romosozumab addresses some
of these mechanisms (Chavassieux et al. 2019).
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3.1 Primarily Remodeling-Based Anabolic Agents

3.1.1 Teriparatide (PTH 1-34)
PTH 1-34 increases bone matrix volume primarily by a remodeling-based anabolic
action on cells of existing BMUs and new BMUs generated by its administration.
This accounts for 70–80% of the anabolic action. Modeling-based anabolic effects
initiated upon quiescent bone surfaces appear to contribute only 20–30% of the total
anabolic action (Ma et al. 2006).

At any time, existing BMUs are more likely to be at various stages of their
formation than resorption phases of their remodeling cycle because bone formation
proceeds for ~3 months, whereas the resorption phase is ~3 weeks, and reversal
phase is ~1 week (Hattner et al. 1965; Parfitt 2008; Tran Van et al. 1982). PTH 1-34
acting on BMUs in their reversal phase may promote differentiation of osteoblast
lineage cells into mature osteoid-producing forms. Concurrent increases in matrix
production occur as PTH 1-34 inhibits apoptosis of mature osteoblasts which
synthesize osteoid overfilling resorption cavities upon trabecular and endocortical
surfaces with spillover of newly formed osteoid onto adjacent quiescent surfaces.

Thus, the early response to PTH 1-34 is likely to be modeling-based
bone formation upon quiescent bone surfaces with a concurrent increase in
remodeling-based bone formation by existing BMUs, both increasing circulating
P1NP. Presumably, the higher the baseline pre-treatment remodeling rate, the greater
the numbers of BMUs in their formation phase facilitating this anabolic action
(Chen et al. 2005). In addition, and again, concurrently, or soon after starting
treatment, PTH 1-34 initiates new remodeling events by promoting osteocyte
and osteoblast precursor production of RANKL, osteoclast formation, and bone
resorption with a later rise in circulating CTX (Seeman and Martin 2015).

What determines the number and activity of new BMUs initiated by PTH 1-34
is not known, but they first enter their resorptive phase resulting in removal of
mineralized bone, increased intracortical porosity, and excavated cavities upon
endocortical and trabecular surfaces with later deposition of osteoid. These changes
are likely to be accompanied by an increase in serum CTX, an event that does not
necessarily signal the end of bone formation and closure of the so-called anabolic
window, a period of time of maximal anabolic effect of PTH 1-34 (Bilezikian 2008).

This “anabolic window” is an ambiguous notion. It suggests that the limited
anabolic effect is due to bone resorption caused by newly generated BMUs and
so a “window” of opportunity that can be left “open” by antiresorptive therapy
(Bilezikian 2008). The ambiguity is the failure to distinguish between the absolute
and net volume of bone formed. The net volume of bone deposited or resorbed
is the sum of (1) the volume of bone formed by modeling initiated by PTH 1-34;
(2) the volume of bone formed by BMUs existing in their resorption, reversal, or
formation phase at the time PTH 1-34 is started; and (3) the volume of bone formed
by new BMUs initiated by PTH 1-34 when they enter their reversal and formation
phases minus (4) the volume of bone resorbed by new BMUs initiated by PTH 1-34
during their resorption phase (before entering their formation phase).
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The notion of offsetting the absolute increase in bone formation using
antiresorptive agents is also problematic. Preventing the birth of new BMUs
(using denosumab) or aborting their progression (using bisphosphonates) is likely
to deprive the skeleton of the bone formation phase of these BMUs for PTH 1-34
to act upon.

Perhaps most importantly, the notion of the anabolic window diverts attention
away from deliberations concerning the potential major mechanisms responsible for
the limited anabolic effect of PTH peptides. Is the limited anabolic effect the result of
a reduced osteoblast precursor pool and reduced proliferation, differentiation, and
lifespan of osteoblasts (Kim et al. 2012)? Is the opportunity for remodeling-based
bone formation greater initially, when remodeling is rapid, providing many BMUs in
their formation phase at the time of starting PTH 1-34? What determines the number
of new BMUs generated by PTH 1-34, and is their bone forming potential less than
that of the existing BMUs? If anabolic activity is less in the newly initiated BMUs,
this may partly account for the waning of the anabolic effect. What limits the
modeling-based anabolic effect?

The morphological changes documented using PTH 1-34 do not meet
the theoretical potential envisaged. The resorption of mineralized bone by
newly initiated BMUs, and deposition of newly synthesized osteoid during
remodeling- and modeling-based bone formation, is likely to account for the
decrease in BMD during early treatment, a transitory event because primary
and secondary mineralization of the newly deposited bone follow (Seeman and
Martin 2019). Whether newly excavated cavities temporarily increase bone fragility
is not known. The best documented benefits of PTH 1-34 are thickening of existing
trabeculae and endocortical bone formation. Another possible mechanism that
needs investigation is “corticalization” of trabeculae abutting the cortex. As these
trabeculae thicken, they may coalesce to become cortical in appearance,
the opposite of “trabecularization” of the cortex during aging (Zebaze et al. 2010).
There is evidence of periosteal apposition reported using histomorphometry
(Lindsay et al. 2006, 2007), but whether this is sufficient to result in cortical
thickening, increased periosteal perimeter, and increased bending strength is
uncertain.

There are other potential benefits of remodeling-based bone formation, but
these have not been rigorously studied and so remain speculative. For example,
initiation of new BMUs is likely to result in the formation of new osteons formed
by new osteoid and populated by newly formed osteocytes and younger less
cross-linked and less fully mineralized matrix, improving the ductility of bone.
Greater numbers of osteons may result in a greater proportion of the total
bone volume being osteonal and hemiosteonal rather than interstitial, improving
resistance to microcrack propagation. It has been suggested that glycosylation
interferes with the effect of non-collagenous proteins like osteocalcin and
osteopontin to defend mineral crystals against excessive loading (Fantner et al.
2005; Poundarik et al. 2015; Sroga and Vashishth 2012; Thomas et al. 2017). During
loading, non-collagenous proteins uncoil, reducing the stress upon mineral platelets
(the most brittle component of bone). Advanced glycation end products may
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interfere with uncoiling and contribute to diffuse damage within osteons, a form of
damage that differs from microdamage in interosteonal bone (Saito and Marumo
2010; Seref-Ferlengez et al. 2014).

These bone qualities are relevant, especially when consideration is given to
combining PTH 1-34 and antiresorptives because these agents influence the material
composition and microstructure of bone differently, often in opposite directions.
For example, antiresorptives slow or inhibit bone remodeling facilitating secondary
mineralization which increases the homogeneity of the bone matrix mineralization
density distribution (Fuchs et al. 2011). A homogeneous material offers less resistant
to microcrack propagation and fracture than a heterogeneous material (Lloyd et al.
2017; Mohsin et al. 2006). By contrast PTH 1-34 removes mineralized bone,
replacing it with younger less mineralized bone, increasing the heterogeneity of
the material (Misof et al. 2003; Paschalis et al. 2005). Slowing or inhibition of
bone remodeling may also lead to accumulation of advanced glycation end
products, whereas treatment with PTH 1-34 reduces collagen cross-linking (Allen
et al. 2008; Saito et al. 2011).

PTH 1-34 reduces vertebral fracture risk by 60–70% (Miller et al. 2016;
Nakamura et al. 2012; Neer et al. 2001), with only one study reporting nonvertebral
fracture risk reduction (Neer et al. 2001). Whether hip fracture risk is reduced
is unknown because no properly designed studies have been done to assess this
endpoint. For reasons that are not understood, cessation of PTH 1-34 is followed
by bone loss, so that antiresorptive therapy is needed to prevent or minimize this
bone loss (Cosman et al. 2001; Ejersted et al. 1998).

3.1.2 Abaloparatide
Abaloparatide shares many of its amino acid residues with PTH 1-34 and PTHrP. All
three peptides mediate their effects through the PTHrPR1 receptor. Like PTH 1-34,
this drug is likely to mediate its anabolic effects through both remodeling- and
modeling-based mechanisms. There is no published histomorphometric evidence
examining the contributions of these two mechanisms by quantifying the volumes of
bone deposited upon crenated surfaces (reflecting remodeling-based bone formation)
versus smooth surfaces (reflecting modeling-based bone formation) (Hattersley et al.
2016; Moreira et al. 2017; Varela et al. 2017).

Claims that the anabolic effect of abaloparatide is achieved with less resorptive
activity are based on the study of aged rats that have little resorptive activity, as
assessed using biochemical markers and histomorphometry (Varela et al. 2017).
Anabolic effects of PTH 1-34 free of resorptive activity have frequently been
reported using this model (Kimmel et al. 1993; Liu and Kalu 1990; Ma et al.
2011; Shen et al. 1992; Wronski et al. 1993). Abaloparatide has less effects on
both circulating measurements, P1NP and CTX, than does PTH 1-34, with less
increase in CTX relative to the increase in P1NP, an observation claimed to account
for the 1–2% higher BMD achieved using abaloparatide (Eastell et al. 2019).

Making inferences about the net amount of bone formed relative to that resorbed
based on circulating remodeling markers is problematic (Seeman and Nguyen 2016).
The concentrations of these markers are determined by the rate of remodeling, by the
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volumes of bone resorbed and deposited by each BMU, and, in the case of
P1NP, by modeling activity. A blood sample contains a concentration of CTX
produced by BMUs currently in their resorption phase. That same sample contains
a concentration of P1NP produced by different BMUs at different locations and
at different stages of the formation phase as well as P1NP produced by concurrent
modeling activity.

In a phase 3 clinical trial, 2,463 postmenopausal women were randomized
to 18 months of abaloparatide (80 μg daily), placebo, or open-label PTH 1-34
(20 μg daily); 1901 completed the study (Miller et al. 2016). Compared to placebo,
abaloparatide reduced morphometric vertebral fractures (relative risk 0.14; 95%
CI 0.05–0.39, P < 0.001) and major osteoporotic fractures (hazard ratio
(HR) 0.30; 95% CI 0.15–0.61, P < 0.001) but not nonvertebral fracture (after
removal of study participants from two Czech sites) (EMA 2018) or hip fracture.
Although vertebral antifracture efficacy was demonstrated, interpretation of
these findings is challenging. The number of women who sustained fractures in
both the placebo and PTH 1-34 groups was approximately double that of the
abaloparatide group within the first few weeks of the study, events likely to be
independent of the interventions yet influencing the number of fractures in the
first 6 months and total event rates. These earlier fracture events may account
for the overall perceived better antifracture efficacy of abaloparatide compared
to PTH 1-34 as the number of women having fractures in the two groups in the
last 12 months of the 18-month study was similar.

3.2 Modeling-Based Anabolic Therapy

3.2.1 Romosozumab
Sclerostin, the osteocyte-derived protein product of the sost gene, inhibits
bone formation by inhibiting Wnt signaling. Loss-of-function sost mutations
produce increased bone mass of sclerosteosis and van Buchem disease (Balemans
et al. 2001, 2002). A single injection of sclerostin antibody stimulates bone
formation in rats without changes in resorption parameters (Ke et al. 2012).
A phase I study of a monoclonal anti-sclerostin antibody, AMG 785 (romosozumab),
increased bone formation markers and decreased the resorption marker, serum CTX
(Padhi et al. 2011). A 12-month phase II randomized, placebo-controlled, multi-dose
study of romosozumab in 410 women confirmed the rapid increase in BMD
(McClung et al. 2014). In a phase III placebo-controlled study of 7,180 women,
risk reductions after 12 months of treatment with romosozumab were 73% for
vertebral fractures (risk ratio 0.27; 95% CI 0.16–0.47, P < 0.001) and 40%
for major osteoporotic fracture (HR 0.60; 95% CI 0.40–0.90, P ¼ 0.012) (Cosman
et al. 2016). Fracture risk reduction with romosozumab was numerically lower
for nonvertebral (HR 0.75; 95% CI 0.53–1.05, P ¼ 0.10) and hip (HR 0.54;
95% CI 0.22–1.35, P ¼ 0.18) fracture (Cosman et al. 2016).
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In another study, 4,093 postmenopausal women with osteoporosis and a
fragility fracture were assigned to monthly subcutaneous romosozumab (210 mg)
or weekly oral alendronate (70 mg) for 12 months then open-label alendronate
in both groups for a further 12 months (Saag et al. 2017). At 12 months,
romosozumab reduced vertebral fracture risk by 37% (risk ratio 0.63; 95% CI
0.47–0.85, P ¼ 0.003), but there were no statistically significant reductions in
nonvertebral, major osteoporotic, or hip fracture. However, romosozumab followed
by alendronate reduced nonvertebral fracture by 19% (HR 0.81; 95% CI 0.66–0.99,
P ¼ 0.04), clinical fracture by 27% (HR 0.73; 95% CI 0.61–0.88, P < 0.001),
and hip fracture by 38% (HR 0.62; 95% CI 0.42–0.92, P ¼ 0.02) compared to
continuous alendronate. The trial demonstrated a higher incidence of cardiovascular
events with romosozumab (50/2040) compared to alendronate (38/2014) at the
end of 12 months, not at 24 months (Saag et al. 2018). These findings were not
observed in the larger placebo-controlled FRAME study (Cosman et al. 2016).

Romosozumab is associated with a transitory increase in P1NP within 1 week
and a rapid but sustained reduction in CTX for 12 months, perhaps because of a
reduction in cells stimulating RANKL production and so reduced osteoclastogenesis
(Ominsky et al. 2015). In a study of the transcriptional effects of anti-sclerostin
treatment in mature ovariectomized rats, no effect on osteoprotegerin was noted
(Nioi et al. 2015). Bone formation is modeling-based and is limited in duration,
probably due to self-regulation in the Wnt pathway restricting proliferative drive
in the osteoblast lineage. Increases in mRNA levels of Wnt signaling antagonists
Sost and DKK-1 in osteoblastic cells, tibiae, and vertebrae have been reported
(Taylor et al. 2016). Blocking both sclerostin and DKK-1 resulted in a more
robust anabolic effect using a bispecific antibody with dual inhibition of sclerostin
and DKK-1 to treat rodents and nonhuman primates (Florio et al. 2016; Holdsworth
et al. 2018; Maeda et al. 2015). These anabolic effects are lost after stopping
treatment. Bone mineral density decreases, associated with a decrease in bone
formation and increase in bone resorption markers (Ominsky et al. 2017).

4 First-Line Therapy: Antiresorptive, Anabolic, Combined,
or Sequential?

Antiresorptive agents are the first-line approach to therapy. They produce a relative
fracture risk reduction. Bone strength stabilizes, or decreases, albeit more slowly
than without treatment; it is not restored. Vertebral and hip fracture risk is reduced
by ~50% relative to untreated controls, i.e., 50% of the women having fractures
still do so despite treatment, while nonvertebral fracture risk is reduced by ~20%,
i.e., 80% of the women having fractures still do so despite treatment, a particular
concern given 80% of all fractures are nonvertebral (Reid 2015).

The most obvious explanation for these modest relative risk reductions and
the continuing fracture risk is that antiresorptive agents only reduce the reversible
component of the deficit in matrix and its mineral content by slowing the rate of
remodeling, so that there are fewer excavated cavities and cavities with osteoid
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in various stages of incompleteness of mineralization (Seeman and Martin
2015, 2019). Antiresorptives do not restore bone volume or repair microstructural
deterioration, irreversible deficits caused by rapid unbalanced remodeling.

The question is, do anabolic agents restore bone volume and its microstructure?
Do they reduce fracture risk more effectively than antiresorptives? The underlying
assumption justifying the use of anabolic therapy over antiresorptives as first-line
therapy is that even partial restoration of bone volume and microstructural
deterioration, with deposition of new bone of normal material composition, will
reduce fracture risk more greatly than contraction of the remodeling space deficit
in a bone of reduced and architecturally compromised matrix volume which
eventually becomes homogeneously and fully mineralized (Parfitt 1980; Seeman
and Martin 2019).

There are only two clinical trials that compare the antifracture efficacy of anabolic
versus antiresorptive therapy. In the study reported by Saag et al., at 12 months,
romosozumab reduced new vertebral (risk ratio 0.63; 95% CI 0.47–0.85, P¼ 0.003)
and clinical fractures (HR 0.72; 95% CI 0.54–0.96, P ¼ 0.03) compared to
alendronate. Nonvertebral fracture risk was numerically lower in the romosozumab
treated group (HR 0.74; 95% CI 0.54–1.01, P ¼ 0.06) (Saag et al. 2017).

In the second study, Kendler et al. randomized 1,360 postmenopausal women
with osteoporosis to PTH 1-34 (20 μg daily) or risedronate (35 mg daily) for 2 years
(Kendler et al. 2018). Overall, 72% of participants had previously received bone
targeted treatment. At 2 years, treatment with PTH 1-34 resulted in a 56% reduction
in vertebral fracture risk (risk ratio 0.44; 95% CI 0.29–0.68, P < 0.0001).
Nonvertebral fracture risk was numerically lower in the PTH 1-34 treated group
(HR 0.66; 95% CI 0.39–1.10, P ¼ 0.1). These changes were consistent across a
range of participant characteristics (Geusens et al. 2018). Both studies demonstrate
greater vertebral fracture risk reduction using anabolic than antiresorptive therapy;
more evidence is needed to establish the superiority of anabolic agents in reducing
nonvertebral and hip fracture risk.

4.1 Combining Antiresorptive and Anabolic Agents

There are no studies comparing the antifracture efficacy of combined antiresorptive
and anabolic therapy versus either alone. Inferences regarding the potential
advantage of combined therapy over single therapy are entirely based on studies
in animal models and human subjects using non-invasive imaging methods and
biochemical measurements of bone remodeling. In some animal models, ex vivo
strength testing of bone samples has been examined.

It is widely held that antiresorptive therapy suppresses, “blunts,” remodeling-
based bone formation by PTH. This is largely based on the use of alendronate in two
papers published in the New England Journal of Medicine with an accompanying
editorial (Black et al. 2003; Finkelstein et al. 2003; Khosla 2003). However, the
data has not been confirmed in the majority of subsequent studies using other
antiresorptives (Cosman et al. 2011; Kostenuik et al. 2001; Samadfam et al. 2007;
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Tsai et al. 2013). The notion of blunting was based on the assumption that a higher
BMD or higher P1NP means more bone formation and a lack of response means less
bone formation.

BMD is a problematic endpoint because it cannot differentiate changes in matrix
mineralization from changes in matrix volume and structure. Remodeling-based
anabolic therapy increases bone matrix volume by replacing more fully mineralized
bone with young less fully mineralized bone. Modeling-based anabolic therapy adds
young less fully mineralized bone to existing older bone. Imaging using radiation
transmission often results in a net reduction in BMD because young less mineralized
bone transmits, rather than attenuates, photons leading to the inference that
bone “loss” and fragility have occurred when in fact bone volume has increased.
Antiresorptives slow remodeling. Matrix no longer “turned over” undergoes
more complete mineralization increasing BMD leading to the inference that
bone “volume” or “mass” has increased and that bone strength has increased even
though bone matrix volume is unchanged or decreased and the matrix has become
less ductile (Lloyd et al. 2017).

Even if an increase or lack of an increase in BMD is accepted on face value,
Figs. 1, 2, and 3 of the 12-month study by Black et al., which compared the effects
on BMD of PTH 1-84 (100 mcg daily) and alendronate (10 mg daily) either alone
or in combination, do not support the notion of blunting (Black et al. 2003) (Fig. 3).
Relative to PTH 1-84 alone, combined therapy (1) did not produce a smaller

DDoes Alendronate Blunt the Effect of PTH 1--884?

(A) Areal bone mineral density by DXA (B) Volumetric bone mineral density by QCT
% 

change
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Fig. 3 Mean percent changes in (a) areal bone mineral density and (b) volumetric bone density in
postmenopausal women after 12 months of treatment with PTH 1-84 100-μg daily (green bars) or a
combination of PTH 1-84 100-μg daily and alendronate 10-mg daily (orange bars). Data sourced
from Black DM, Greenspan SL, Ensrud KE, et al. The effects of parathyroid hormone and
alendronate alone or in combination in postmenopausal osteoporosis. N Engl J Med.
2003;349:1207–15
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increment in BMD, (2) did produce a greater increase in total hip BMD, (3) did
reduce the decline in distal radius BMD, and (4) did prevent the reduction in total hip
and femoral neck cortical vBMD produced by PTH 1-84 alone. Curiously, the
increase in total hip and femoral neck cortical volume by PTH 1-84, a modeling
effect, was prevented by combined therapy. Moreover, combined therapy increased
trabecular vBMD less than PTH 1-84 monotherapy, but this may not be blunting.
The antiresorptive might prevent PTH 1-84-mediated increase in intracortical
remodeling, cortical porosity, and prevent the increase in cortical fragments making
it seem that the rise in “trabecular” BMD is blunted (Zebaze and Seeman 2015).
Blunting of the rise in P1NP and CTX is likely to be the result of suppressed
remodeling rate rather than a reduction in the net volumes of bone deposited or
resorbed by BMUs, respectively (Seeman and Nguyen 2016).

If blunting of the BMD response was due to fewer BMUs, then blunting should
be more severe with co-administration of PTH with more effective remodeling
suppressants like zoledronate, denosumab, or osteoprotegerin (OPG, an endogenous
inhibitor of RANKL) than with alendronate. The opposite is reported, and many
studies report additive effects (Cosman et al. 2011; Kostenuik et al. 2001; Samadfam
et al. 2007; Tsai et al. 2013). Blunting is not greater with denosumab/PTH 1-34 than
alendronate/PTH 1-34 even though denosumab suppresses remodeling more greatly
than alendronate. Additive effects on BMD are reported with PTH 1-34/denosumab
relative to PTH 1-34 alone (Tsai et al. 2013) and comparing PTH 1-34/OPG to PTH
1-34 alone (Samadfam et al. 2007).

The difficulties in using BMD as a phenotype are also present using high-
resolution peripheral computed tomography. Tsai et al. report that combined PTH
1-34 and denosumab increased cortical vBMD, the net result of a reduction by PTH
1-34 and an increase using denosumab (Tsai et al. 2015). Combined therapy
increased cortical matrix mineral density, yet PTH 1-34 decreased it (by replacing
more mineralized bone with less mineralized bone), and denosumab had no effect.
Combined therapy had no effect on porosity, yet PTH 1-34 increased it, while
denosumab had no effect (Fig. 4). These findings do not entirely add up, probably
because of methodological challenges in separating cortical from trabecular
compartments and quantifying cortical porosity and trabecular density. Low image
resolution and changes in matrix mineral density influence quantification of micro-
structure (Zebaze et al. 2010, 2013). Moreover, both bisphosphonates and PTH 1-34
reduce marrow fat composition (Fan et al. 2017; Veldhuis-Vlug and Rosen 2018).
Replacing bone marrow fat with water or cells increases photon attenuation and may
exaggerate the rise in BMD.

A lower level of evidence is preclinical studies demonstrating that combined
therapy increases the breaking strength of bone ex vivo more greatly than either
drug alone. Only one study in rodents comparing PTH 1-34/alendronate and
PTH 1-34/OPG versus PTH 1-34 alone has been reported. While trabecular bone
volume increased more greatly than PTH 1-34 alone, bone strength assessed ex vivo
was similar to PTH 1-34 monotherapy (Samadfam et al. 2007). These concerns
suggest that caution is needed before making inferences about the comparative
efficacy of these agents and that eventually, well designed and executed studies
using fracture outcomes will be needed.
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4.2 Sequential Therapy

4.2.1 Anabolic to Antiresorptive
Cessation of anabolic treatment results in loss of the benefits. Antiresorptives
maintain or increase BMD, particularly denosumab because it is the most
efficacious in suppressing remodeling (Cosman et al. 2016; Saag et al. 2017).
In the DATA-Switch study, 2 years of PTH 1-34 followed by 2 years of denosumab
resulted in further increases in BMD (Leder et al. 2015). At 48 months, women
treated with combined PTH 1-34/denosumab for 2 years followed by denosumab
alone had greater gains in BMD than those treated with PTH 1-34 followed
by denosumab (Leder et al. 2015).

Bone et al. administered 24 months of alendronate after 18 months of
abaloparatide or placebo (Bone et al. 2018). Treatment with alendronate was
claimed to maintain the purported vertebral, nonvertebral, and major osteoporotic
fracture risk reduction with abaloparatide relative to the placebo group. However,
comparisons of the two groups are difficult to interpret as the placebo group may
have lost bone and suffered microstructural deterioration during 18 months
without active treatment. Although it is likely that stopping abaloparatide results
in bone loss, as reported with PTH (Adami et al. 2008; Eastell et al. 2009), an
abaloparatide group given placebo shown to be losing bone is needed to establish
this and that administration of alendronate prevents this loss. Similar issues arise in
the interpretation of antifracture efficacy at 24 months of romosozumab-denosumab
compared to placebo-denosumab (Cosman et al. 2016).
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Fig. 4 Mean percent changes in cortical volumetric bone mineral density (vBMD), matrix mineral
density, and porosity at the distal tibia, as assessed by HR-pQCT, in postmenopausal women after
12 months of treatment with denosumab 60-mg (yellow), PTH 1-34 20-μg (red), or both (green).
�p< 0.05, within group difference from baseline to 12 months. Data sourced from Tsai JN, Uihlein
AV, Burnett-Bowie S-AM, et al. Comparative effects of teriparatide, denosumab, and combination
therapy on peripheral compartmental bone density, microarchitecture, and estimated strength: the
DATA-HRpQCT Study. J Bone Miner Res. 2015;30(1):39–45
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At this time, the only study comparing fracture outcomes with sequential therapy
against continuous monotherapy is the study by Saag et al., who reported greater
vertebral, nonvertebral, and hip fracture reduction with romosozumab-alendronate
compared to alendronate alone (Saag et al. 2017).

4.2.2 Antiresorptive to Anabolic
As discussed above, most (Boonen et al. 2008; Cosman et al. 2011; Kostenuik et al.
2001; Samadfam et al. 2007; Tsai et al. 2013), but not all (Delmas et al. 1995),
studies suggest that concurrent administration of anabolic and antiresorptive agents
does not blunt the effect on BMD or microstructure. The presence of many
remodeling sites in their formative phase pre-treatment allows PTH to initiate
remodeling-based bone formation by these BMUs (as they are unaffected by the
concurrently started antiresorptive therapy).

By contrast, remodeling is already suppressed in patients receiving long-term
antiresorptive therapy before being switched to anabolic therapy. The early increase
in BMD (due to a reduction in the reversible remodeling space deficit by
antiresorptive therapy) has occurred (Parfitt 2008; Seeman and Martin 2015).
Namely, the many BMUs present pre-treatment that have incompletely refilled,
and secondary mineralization of the less remodeled matrix has occurred. When
the antiresorptive is stopped, there are fewer BMUs available for PTH peptides
or abaloparatide to initiate remodeling-based bone formation. This suggests that
blunting of the effect of these peptides is plausible.

The question is whether previously administered bisphosphonates, which remain
in the matrix for years (Russell et al. 2008), predispose to blunting of the effect of
PTH peptides or abaloparatide when the antiresorptive is stopped and replaced by
these anabolic agents. Namely, is there blunting of the effect of the anabolic agent on
BMD, microstructure, material composition, and most important, blunting of any
improvement in bone strength or antifracture efficacy.

These are challenging questions because of difficulties in developing the study
design needed to address these issues. For example, in the setting of many years of
treatment with bisphosphonates, BMD is likely to have increased, mainly due to
near-complete secondary mineralization of the less remodeled bone matrix volume,
not due to restoration of bone volume or microstructure (Seeman and Martin 2019).
Indeed, the longer the duration of bisphosphonate therapy before switching to an
anabolic agent, the more reduced and architecturally deteriorated the matrix volume
is likely to be and the higher its matrix mineral density because of slow continued
unbalanced remodeling (Seeman and Martin 2019). The deficit in bone volume and
the microstructural deterioration are likely to be obscured by the increased matrix
mineral density producing a higher BMD.

If a control group is chosen to receive PTH 1-34 or abaloparatide to define the
“un-blunted” response, they must have had no prior treatment with bisphosphonates.
How should this control group be chosen? If matched by age, the control group is
likely to have higher baseline bone remodeling, lower BMD, and more deteriorated
microstructure than the prior bisphosphonate-treated group (because the control
group are untreated). If matched by BMD, the control group is likely to have
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lower baseline bone remodeling, higher bone volume, and better microstructure
(because the prior bisphosphonate-treated group have had an increase in BMD
mainly due to secondary mineralization). Assessment of blunting is problematic if
comparisons are made using a percentage change when baselines differ. These issues
need to be addressed in dealing with this subject as these methodological issues may
be responsible for the contradictory findings in the literature (Cosman et al. 2017).

Several studies support blunting by antiresorptives with greater remodeling
suppressant action. For example, Miller et al. report a lesser increase in remodeling
markers and BMD responses to PTH 1-34 in patients previously treated with
alendronate than risedronate, perhaps because baseline remodeling was lower in
the alendronate group (Miller et al. 2008). There was a correlation between change
in 3-month measures of P1NP and spine trabecular volumetric BMD but not areal
BMD. In another study in which baseline remodeling was numerically higher in
the prior raloxifene than prior bisphosphonate group, switching to PTH 1-34 resulted
in similar numerical increases in remodeling markers, but spine (not hip) BMD and
estimated strength increased more greatly in the prior raloxifene group (Cosman
et al. 2009, 2013). (Comparisons were confined to “switch” versus “add” within a
group, not the comparisons presented here.) These data support the notion of
blunting of BMD responses when remodeling is more greatly suppressed at the
time PTH 1-34 is started.

By contrast, several studies do not support the notion of blunting by previously
administered antiresorptive therapy. For example, in a paired bone biopsy
study, despite lower baseline remodeling and higher BMD in women treated
with alendronate than untreated controls, the response to PTH 1-34 in women
previously treated with alendronate was not blunted compared to the PTH 1-34
effect in untreated controls (Ma et al. 2014). Periosteal and endocortical bone
formation increased, consistent with an anabolic response, and intracortical
porosity also increased in both groups, consistent with unsuppressed stimulation of
intracortical remodeling. Likewise, in another paired bone biopsy study, trabecular
bone formation in response to PTH 1-34 was not blunted by prior alendronate
therapy (Fahrleitner-Pammer et al. 2016).

If the antiresorptive used is denosumab, the question of blunting is less relevant
because of a rapid offset of remodeling suppression when denosumab is stopped.
Caution is needed because cessation of denosumab is associated with a rapid
increase in bone remodeling markers, a decline in BMD within months of stopping
therapy, and uncommonly, an increased risk of multiple vertebral fractures (Bone
et al. 2011; Miller et al. 2011).

Indeed, this accelerated loss of bone may be exacerbated by switching to PTH 1-
34. In the DATA-switch study, women treated with denosumab for 24 months
switched to PTH 1-34 for a further 24 months had a reduction in spine and hip
BMD in the first 12 months followed by a gradual increase in BMD (Leder et al.
2015). However, despite this increase in BMD, cortical and trabecular volumetric
bone density decreased, and bone strength estimated by finite element analysis also
reduced (Tsai et al. 2017).
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Several factors may be responsible for these changes. The decline in BMD may
be due to the replacement of bone with osteoid during remodelling- and/or
modeling-dependent bone formation. The later increase in BMD may be the result
of primary and secondary mineralization of this osteoid. The concurrent decrease in
cortical and trabecular volumetric BMD may be the result of increased remodeling
produced by cessation of denosumab and initiation of PTH 1-34, both of which
increase cortical porosity and excavate cavities upon trabeculae. Whether bone
fragility increases is uncertain but replacement of denosumab with PTH 1-34
needs to be done with caution.

5 Are We There Yet?

There is progress, but important needs remain unmet. Anti-vertebral fracture
efficacy of antiresorptives and anabolic therapy is robustly established in
controlled studies mostly of 1–3 years duration. There is now evidence of superior
anti-vertebral fracture efficacy of anabolic than antiresorptive agents. This is
consistent with the notion that antiresorptive agents only reduce the reversible
remodeling space deficit, whereas anabolic agents partly restore bone volume,
microstructure, and its material composition, changes that should restore bone
strength more effectively than antiresorptive agents.

Should anabolic agents be first-line therapy? This notion may be premature
for several reasons: (1) The superior anti-vertebral fracture efficacy compared to
antiresorptives has only been shown in two studies (Kendler et al. 2018; Saag et al.
2017). (2) There is no evidence of hip fracture risk reduction using anabolic
agents. (3) There is little evidence of nonvertebral fracture risk reduction using
anabolic therapies. Only one (Neer et al. 2001) of several (Greenspan et al. 2007;
Miller et al. 2016; Nakamura et al. 2012) studies using PTH regimens, and
no critically evaluated study of abaloparatide (EMA 2018; Miller et al. 2016),
supports anti-nonvertebral fracture efficacy relative to untreated controls. Nor
is there evidence of superior nonvertebral antifracture efficacy of anabolic
agents compared with antiresorptive agents, although the numerical reduction in
nonvertebral fracture risk in both trials suggests this is likely. This uncertainty is
of particular concern because nonvertebral fractures account for 80% of all fractures
and 50% of all the morbidity and mortality (Tatangelo et al. 2019). However, there is
evidence that sequential romosozumab followed by alendronate results in greater
vertebral, nonvertebral, major osteoporotic, and hip fracture risk reduction than
alendronate alone (Saag et al. 2017). Finally, whether combined antiresorptive
and anabolic regimens result in greater vertebral, nonvertebral, and hip fracture
risk reduction than either agent alone, and whether these risk reductions
cost-effectively produce more quality-adjusted life years free of fracture, remains
untested.
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