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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, 
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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.

18  Combination and Sequential Osteoanabolic/Antiresorptive Therapy in Osteoporosis Treatment
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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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