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Abstract The objective of this systematic review was to

examine the influence of treatments for postmenopausal

osteoporosis (parathyroid hormone [PTH], bisphospho-

nates, strontium ranelate, and denosumab) on bone quality

and discuss the clinical implications. Most bone-quality

data for PTH is from teriparatide. Teriparatide results in a

rapid increase in bone-formation markers, followed by

increases in bone-resorption markers, opening an ‘‘anabolic

window,’’ a period of time when PTH is maximally ana-

bolic. Teriparatide reverses the structural damage seen in

osteoporosis and restores the structure of trabecular bone. It

has a positive effect on cortical bone, and any early

increases in cortical porosity appear to be offset by

increases in cortical thickness and diameter. Bisphospho-

nates are antiresorptive agents which reduce bone turnover,

improve trabecular microarchitecture, and mineralization.

Concerns have been raised that the prolonged antiresorp-

tive action of bisphosphonates may lead to failure to repair

microdamage, resulting in microcracks and atypical fra-

gility. Strontium ranelate is thought to have a mixed mode

of action, increasing bone formation and decreasing bone

resorption. Strontium ranelate improves cortical thickness,

trabecular number, and connectivity, with no change in

cortical porosity. Denosumab exerts rapid, marked, and

sustained effects on bone resorption, resulting in falls in the

markers of bone turnover. Evidence from bone-quality

studies suggests that treatment-naive women, aged

60–65 years, with very low BMD T scores may benefit

from PTH as primary therapy to improve bone substrate

and build bone. Post-PTH treatment with bisphosphonates

will maintain improvements in bone quality and reduce the

risk of fracture.

Keywords Bone quality � Osteoporosis � Teriparatide �
Bisphosphonate � Strontium ranelate � Denosumab

Rationale for Exploring Measures of Bone Quality

Typically, agents for the treatment of osteoporosis have

been assessed in 3-year trials with vertebral fracture as the

primary end point and bone mineral density (BMD) as a

secondary end point. However, as a measure of the

amount of bone, BMD does not always reliably predict

fracture risk [1].

Data from the large National Osteoporosis Risk

Assessment (NORA) study revealed that only 6.4% of

postmenopausal women with an osteoporotic fracture

(including hip fracture) had T scores of \-2.5 (the World

Health Organization definition of osteoporosis) in the year

preceding the fracture [2]. Although fracture rates were

highest in this group of women, they experienced only 18%

of osteoporotic fractures overall. More than one-half (52%)
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of the women with fractures were osteopenic (T score -2.5

to -1) (see Fig. 1).

Studies of agents used in the treatment of osteoporosis

reveal that although low BMD is correlated with increased

fracture risk, increasing BMD (using drug treatment) seems

to account for only a small percentage of the reduction in

fracture risk observed [3]. Data suggest that only 16–28%

of the reduction in vertebral fracture risk seen with the

bisphosphonates (alendronate and risedronate) and 30–41%

of the reduction in risk seen with parathyroid hormone

(PTH) can be attributed to increases in lumbar spine BMD.

Therefore, the majority of the fracture risk reduction is

caused by improvements in non-BMD determinants of

bone strength [3].

Typically, fracture-prevention studies for agents for the

treatment of osteoporosis are undertaken over 3 years,; and

although longer-term postmarketing studies have been

carried out, numbers of patient dropouts are considerable

and long-term safety data are unreliable. Recently, poten-

tial long-term adverse effects of bisphosphonates have

come to light, including microcracks [4], atypical fractures

[5–7], and osteonecrosis of the jaw [8–10].

Given that BMD is only part of the antifracture picture

and the potential long-term concerns with treatment, other

measures of bone fragility such as bone quality have

become increasingly important. However, bone quality is

difficult, impractical, and expensive to measure in clinical

practice. Therefore, BMD remains the standard measure of

bone strength, despite the limitations. Bone quality has

remained an academic afterthought, although it has the

potential to explain, in large part, the underlying impact of

treatments for osteoporosis.

Bone Quality

Bone quality together with bone density are the two key

elements of bone strength. Although there is no clear

consensus on the exact components of bone quality, it is

influenced by bone turnover, mineralization, microarchi-

tecture, geometry, and the accumulation of damage

(Fig. 2).

Bone remodeling, the constant turnover of bone, helps to

maintain tissue integrity by selectively removing damaged

bone and replacing it with new bone. Bone remodeling is

reduced with increasing age, and a reduction in the volume

of bone resorbed coupled with an even greater reduction in

the volume of bone formed leads to a net loss of bone in

older people [11]. At the same time, the number of

remodeling units within endosteal bone increases with age

and there is a reduction in the formation of periosteal bone.

The overall consequences of these age-related changes

are cortical thinning, increased cortical porosity, thinning

of the trabeculae, and loss of trabecular connectivity, all

of which reduce bone quality and consequently bone

strength [11].

Agents for the management of postmenopausal osteo-

porosis vary in their mode of action. PTH has an anabolic

mode of action, directly increasing bone formation [12]. In

contrast, the bisphosphonates and denosumab prevent the

loss of bone by reducing bone resorption [13, 14]. The

mechanism of action of strontium ranelate is uncertain,

though a mixed mode of action has been suggested [15];

Fig. 1 The majority of

osteoporotic fractures are in

women with osteopenia [2]

Fig. 2 Key factors involved in osteoporotic fractures
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however, this has not been confirmed in studies using bone-

biopsy specimens from postmenopausal women [16].

Objective

The objective of this systematic review is to examine the

influence of agents used in the management of postmeno-

pausal osteoporosis (PTH, bisphosphonates, strontium

ranelate, and denosumab) on bone quality and discuss the

clinical implications of these effects. The selective estro-

gen receptor modulator (SERM) raloxifene was not inclu-

ded since it is not commonly used in clinical practice as an

antiosteoporosis treatment, due in part to the lack of effect

on nonvertebral fracture risk.

Methods

Clinical trials assessing bone quality (bone microarchitec-

ture and markers of bone turnover) in postmenopausal

women with osteoporosis receiving pharmacological

treatment for osteoporosis (PTH, bisphosphonates, stron-

tium ranelate, and denosumab) were included. Review

articles which considered bone quality were also included.

No language restrictions were imposed.

Types of article: clinical trials and review articles

Types of population: women with postmenopausal

osteoporosis

Types of intervention: pharmacological treatment for

osteoporosis with bisphosphonates (alendronate, risedr-

onate, ibandronate, zoledronate), strontium ranelate,

PTH(1–84 and 1–34), and denosumab

Types of outcome measure: bone quality, bone microar-

chitecture, bone histomorphometry, markers of bone

turnover (markers of bone formation including osteo-

calcin and alkaline phosphatase as well as markers of

bone resorption including collagen type 1 telopeptides

[Ctx and Ntx])

Information Sources

Studies were identified by searching electronic databases

(Medline and Embase) and scanning reference lists of

articles.

The search was applied to Medline (1996–2009). We

hand-searched Osteoporosis International, Bone, Journal

of Bone and Mineral Research, and Calcified Tissue

International for the previous 3 years.

Search

We used the following search terms: alendronate, risedronate,

ibandronate, zoledronate, strontium ranelate, teriparatide,

preotact, hPTH, 1–84, 1–34, denosumab, bone quality, bone

strength, bone microarchitecture, bone histomorphometry,

osteocalcin, alkaline phosphatase, Ctx, Ntx, bone turnover,

osteoporosis. Searches were limited to adult humans. See

Fig. 3 and appendix for further details.

Parathyroid Hormone

Two PTH analogues are available as treatment for post-

menopausal osteoporosis. Teriparatide (Forsteo), recombi-

nant human PTH containing the amino acid sequence 1–34

of the complete molecule, and Preotact, recombinant

human PTH identical to the full-length native 1–84-amino

acid sequence. In the United Kingdom, the licensed doses

are 20 lg/day for teriparatide and 100 lg/day for

PTH(1–84). The majority of data on bone quality come

from studies using teriparatide.

Teriparatide has been shown to reduce the risk of frac-

ture in postmenopausal women with osteoporosis. The

Fracture Prevention Trial [17] enrolled postmenopausal

women with osteoporosis (defined as at least one moderate

or two mild atraumatic vertebral fractures on X-ray of the

thoracic and lumbar spine) to daily subcutaneous injections

of either placebo (n = 544), teriparatide 20 lg (n = 541),

or teriparatide 40 lg (n = 552) for 18 ± 5, 18 ± 6, and

17 ± 6 months, respectively. With teriparatide 20 lg,

BMD increased by 9% at the lumbar spine and by 3% at the

hip but remained unchanged at the radius. The prespecified

end point was new fragility fracture. Patients in the teri-

paratide arms had a reduction in new vertebral fractures

(14% in the placebo arm vs. 5 and 4% in the 20- and 40-lg

Fig. 3 Identification and selection of studies for inclusion in the

review
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teriparatide arms, respectively; P B 0.001) and in non-

vertebral fractures (6 vs. 3% in both teriparatide arms). The

reduction in hip fracture was not significant; however, the

Fracture Prevention Trial was not designed to show a

reduction in hip fracture, and to date no trials have been

conducted with teriparatide (or PTH[1–84]) with a hip

fracture end point. Given the concerns over this lack of hip-

fracture data, evidence of an improvement in cortical bone

quality with PTH therapy has become increasingly

important.

The reduction in fracture in the Fracture Prevention

Trial was similar in both the 20- and 40-lg teriparatide

arms. However, only the 20-lg dose is licensed in the

United Kingdom, although for completeness bone-quality

data are presented for both doses.

Mode of Action

PTH is an anabolic agent, resulting in increased deposition

of bone [12]. Teriparatide leads to a rapid increase in

bone-formation markers, followed by increases in bone-

resorption markers. A biopsy substudy of the Fracture Pre-

vention Trial used paired iliac crest biopsies from placebo

(n = 21) and teriparatide-treated (n = 36) patients. Bio-

chemical markers of bone turnover revealed an early (within

28 days) increase in the markers of bone formation (bone

alkaline phosphatase and procollagen 1 C-terminal propep-

tide [P1CP]). P1CP reached maximal levels within 1 month

and bone alkaline phosphatase, at 12 months. The increase

in bone-resorption markers (Ntx and deoxypyridinoline) was

significantly different from placebo at 3 months; deoxy-

pyridinoline reached maximal levels at 6 months and Ntx, at

12 months [18]. Changes in markers of bone formation at

1 month, which are highly predictive of outcome, correlated

with improvements in bone structure after 22 months of

treatment with teriparatide; but changes in markers of bone

resorption did not. This sequence of events has led to the

concept of the ‘‘anabolic window,’’ a period of time when the

actions of PTH are maximally anabolic [19] (Fig. 4).

Bone formation with PTH appears to result from an

increase in the rate of both remodeling and modeling.

Unlike remodeling, modeling-based bone formation does

not generally occur in normal adult bone. During modeling,

bone is formed without prior resorption and leads to

overfilling of bone-resorption pits and bone formation

beyond the limits of the resorption pit [12] (Fig. 5).

Evidence from markers of bone turnover (see above)

and bone biopsies suggests that modeling occurs early in

treatment, followed by remodeling later in treatment [12].

A 2-year study randomized 29 postmenopausal women

with severe osteoporosis to intermittent teriparatide (50 lg/

day for 28 days every 3 months) with or without calcitonin

[20]. Bone biopsies after 28 days of treatment revealed

significantly larger increases in bone formation with teri-

paratide than with untreated controls (n = 15), suggesting

rapid deposition of bone onto quiescent bone surfaces. The

number of osteoblasts per centimeter of bone surface was

higher at 28 days than at 2 years, further suggesting

modeling rather than remodeling early in treatment.

Histomorphometric analysis of 52 iliac crest biopsies

from patients enrolled in the Fracture Prevention Trial

revealed evidence of remodeling, mixed remodeling/mod-

eling, and modeling in patients receiving teriparatide.

Remodeling appeared as scalloped reversal lines inter-

rupting the surrounding collagen fibers, mixed remodeling/

modeling appeared as a mixture of very short scalloped

cement lines and long smooth cement lines, and modeling

hemiosteons appeared as smooth cement lines with parallel

collagen fibers without interruption of adjacent bone tissue.

Patients receiving placebo did not have mixed remodeling/

modeling or modeling hemiosteons, which is consistent

with a lack of physiological modeling in adults [21].

Patients receiving 40 lg teriparatide had significantly

Fig. 4 The anabolic window [19]

Fig. 5 Bone formation resulting from normal bone remodeling (top),

bone modeling (middle), and combination remodeling/modeling

(bottom) [12]
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higher levels of modeling alone compared with those

receiving the licenced dose of 20 lg. At the 20-lg dose of

teriparatide, mixed remodeling/modeling and remodeling

alone predominated and there was very little modeling

alone.

PTH results in an increase in the trabecular remodeling

rate as demonstrated by a threefold increase in activation

frequency of trabecular remodeling over a 2-year treatment

period [20]. Iliac crest bone biopsies from 27 postmeno-

pausal women treated with teriparatide (50 lg) for 1 month

were compared with 13 untreated controls [22]. Bone-for-

mation rate on the trabecular and endocortical surfaces was

4.5- and fivefold higher, respectively, in the teriparatide

arm. There was also a fourfold increase in bone-formation

rate on the periosteal surface. On the trabecular and endo-

cortical surfaces, the increased bone-formation rate was

primarily due to remodeling, with some modeling on pre-

viously quiescent surfaces. Bone formation was associated

with an increase in osteoblast apoptosis, which may reflect

enhanced turnover of the osteoblast population [22].

An increase in bone resorption is seen after the initial

increase in bone formation (see Fig. 4). Receptor activator

for nuclear factor-jB ligand (RANKL), a key mediator of

osteoclast differentiation, function, and survival, may

mediate the increased bone resorption. A small study of 23

postmenopausal women with established osteoporosis

treated with teriparatide (20 lg) for 12 months revealed a

gradual but significant increase in RANKL. There was no

change in osteoprotegerin (OPG), which competes for and

neutralizes RANKL. The authors suggest that this may

reflect an increase in active osteoblasts and in bone turn-

over [23].

Effect on Trabecular Bone

PTH reverses the structural damage seen in osteoporosis

and restores the structure of trabecular bone, increasing

both the volume and connectivity of the trabeculae.

A study using biopsy specimens from the Fracture

Prevention Trial analyzed iliac crest bone in patients

receiving placebo (n = 19) or teriparatide 20 or 40 lg

(n = 32) after a mean treatment time of 19 months [24].

Teriparatide significantly increased trabecular bone volume

compared with placebo (median change 14 vs. -24%,

P = 0.001) as shown on two-dimensional (2-D) histo-

morphometry. There was a significant increase in connec-

tivity (19 vs. -14%, P = 0.034) and improvements in the

trabecular structure model index (an indicator of the

number of rods and plates; 22 vs. 3%, P = 0.012) as shown

on 3-D microcomputed tomography (lCT) with teripara-

tide compared to placebo.

A further study also using iliac crest–biopsy specimens

from 36 women enrolled in the Fracture Prevention Trial

found a significant and positive correlation between

increases in BMD at the lumbar spine and femoral neck at

12 and 18 months and improvements in trabecular mic-

roarchitecture (including 2-D mean wall thickness, 3-D

bone volume, 3-D trabecular thickness, 3-D trabecular

separation, 3-D structural model index) at 22 months [3].

The effect of teriparatide on vertebral microarchitecture

has been assessed using high-resolution CT scanning in 65

postmenopausal women. After 6 months of teriparatide,

there were highly significant improvements in both tra-

becular microarchitecture and BMD [25]. After 12 months’

treatment with teriparatide, there were increases of 30% in

apparent trabecular volume and 19% in apparent trabecular

number.

The effect of PTH(1–84) on trabecular bone has also

been assessed using iliac crest biopsies from postmeno-

pausal women enrolled in a large placebo-controlled trial

of PTH(1–84) [26]. Biopsies were available from eight

women receiving placebo, eight receiving PTH(1–84) for

18 months, and seven receiving PTH(1–84) for 24 months.

At 18 months, trabecular bone volume was 45–48% higher

in the patients receiving PTH(1–84) compared with pla-

cebo. Trabecular number, thickness, connectivity density,

and trabecular bone-formation rate were all higher in the

PTH(1–84) patients than in the placebo patients.

Effect on Cortical Bone

PTH has a positive effect on cortical bone at both the

microscopic and macroscropic levels. It stimulates perios-

teal and endosteal bone growth, resulting in increases in

cortical thickness and cross-sectional area. Such changes

appear to strengthen cortical bone despite the small chan-

ges in BMD at cortical sites such as the femoral neck and

the radius and potential early increases in cortical porosity.

Indeed, iliac crest biopsies do not show a significant

increase in cortical porosity after treatment with teripara-

tide for up to 24 months [20, 24], and any potential adverse

events on cortical bone appear to be offset by the increase

in cortical thickness and diameter due to new periosteal

bone apposition [27].

Teriparatide improves the structure of cortical bone in

terms of cortical thickness [20, 24]. Postmenopausal

women randomized to teriparatide (50 lg/day for 28 days

every 3 months) with or without calcitonin for 2 years had

an increase in cortical thickness of 23% versus untreated

controls (P \ 0.05) without significant changes in cortical

porosity [20]. Analysis of iliac crest biopsies from patients

in the Fracture Prevention Trial using 3-D lCT demon-

strated a similar increase in cortical thickness of 22%

compared with an increase of 3% in placebo-treated bone

(P = 0.0012) without increases in cortical porosity [24].

Images obtained using 3-D lCT suggest that the increased
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cortical thickness seen with teriparatide results from

increased bone formation at both the periosteal and end-

osteal surfaces [24]. Analysis of samples from the Fracture

Prevention Trial (metacarpals, ulna, and radius) using

digital X-ray radiogrammetry showed an increase in cor-

tical thickness at all areas. Teriparatide increased the outer

diameter and decreased the inner diameter of cortical bone

compared with placebo [28].

A study which used 3-D quantitative CT (QCT) of the

femoral neck in postmenopausal women with severe oste-

oporosis treated with teriparatide for 2 years revealed an

increase in cortical cross-sectional area of 4.3% but no

increase in total cross-sectional area, suggesting endosteal,

but not periosteal, growth [29].

A small iliac crest–biopsy study in postmenopausal

women receiving PTH(1–84) for 18 (n = 8) or 24 (n = 7)

months or placebo (n = 8) found no change in cortical

thickness or endocortical or periosteal bone-formation rate

with PTH(1–84), although there was a trend toward

increased cortical porosity when measured by lCT but not

when measured by histomorphometric means [26]. The

change in cortical porosity was similar at 18 and at

24 months, suggesting an early change which stabilizes

later in treatment.

Effect on Bone Matrix

Teriparatide appears to stimulate the deposition of younger

bone which is new, not fully mineralized bone, with divalent

collagen cross-links. Material properties, such as matrix

mineralization, hydroxyapatite characteristics, and collagen

cross-linking, also have an impact on bone quality. Fourier

transform infrared imaging (FTIRI) of bone sections can be

used to investigate mineral properties [30]. Bone biopsies

taken from patients entered in the Fracture Prevention Trial

(n = 14 at 12 months [range 11–14 months] and n = 24 at

study end point [range 19–24 months]) revealed that

patients receiving teriparatide had significantly lower matrix

mineralization, mineral crystallinity, and collagen cross-link

ratio compared with those receiving placebo. The difference

was significant at periosteal, endosteal, and trabecular bone

sites (P \ 0.025 versus placebo). Younger bone is more

flexible and less likely to buckle on impact compared with

older, more heavily mineralized bone, which has clear

implications for the risk of fracture.

Effect on Bone Geometry

Teriparatide treatment leads to an increase in bending

strength and a decrease in buckling ratio, which results in

increased bone stability [29, 31, 32].

The impact of teriparatide on the structural geometry of

bone has been assessed using repeated dual-energy X-ray

absorptiometric (DXA) scans at the hip of 558 women

from the Fracture Prevention Trial. The scans revealed

significant increases in BMD and cross-sectional geometry

at the femoral neck and intertrochanteric region but not at

the femoral shaft [31]. The study showed dose-dependent

increases in cross-sectional area and bending strength

(defined as an increase in section modulus) and a decrease

in local cortical instability (buckling ratio), which were

significantly greater than in patients receiving placebo. The

differences were statistically significant after 1 year of

treatment and greater at the end of the study (1.8 years).

Zanchetta et al. [32] assessed bone geometry by

peripheral QCT in the nondominant distal radius in 101

women from the Fracture Prevention Trial. Total bone

mineral content, total and cortical bone areas, periosteal

circumference, and axial and polar cross-sectional moment

of inertia (architectural indicators of the bone’s resistance

to bending and torsional loading, respectively) were sig-

nificantly higher with teriparatide versus placebo.

Bisphosphonates

Bisphosphonates are antiresorptive agents which act via the

inhibition of osteoclasts, leading to reduced bone turnover,

increased bone mass, and improved mineralization [13].

Recently, it has been suggested that bisphosphonates

(specifically alendronate) may also promote osteoblast

proliferation and maturation [33].

The evidence base for bisphosphonates in the prevention

of fracture in postmenopausal women is well established.

Treatment with alendronate 10 mg/day results in statisti-

cally significant reductions in vertebral, nonvertebral, hip,

and wrist fractures in patients with prior osteoporotic

fracture or low BMD. For those patients without osteopo-

rotic fracture or low BMD, treatment with alendronate

results in a significant reduction in vertebral fracture but no

significant reduction in fracture at other sites [34]. A

similar picture is seen with risedronate 5 mg/day, although

the reduction in wrist fractures in patients with prior frac-

ture or low BMD was not statistically significant and there

was no significant benefit in patients with normal BMD

[35]. Treatment with a once-yearly infusion of zoledronate

(5 mg) significantly reduces the risk of vertebral, nonver-

tebral, hip, and wrist fracture in postmenopausal women

with osteoporosis [36]. In contrast, the evidence for

ibandronate in postmenopausal women with osteoporo-

sis supports a significant reduction in vertebral fracture

only [37].

Recently, concern has been raised regarding the optimal

treatment period for bisphosphonates [38]. There is evi-

dence of benefit of treatment for up to 5 years with the

bisphosphonates. Indeed, alendronate has been studied out
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to 10 years and risedronate out to 7 years; however, studies

which continue for longer than 5 years have high levels of

patient dropout and lack appropriate controls, and data

should be viewed with caution. Furthermore, both alendr-

onate and zoledronate bind strongly to the bone matrix and

become internalized within bone; therefore, suppression of

bone resorption continues even after treatment ends. There

have been recent concerns that long-term suppression of

bone remodeling and increased mineralization may result

in detrimental changes to bone quality and accumulation of

damage [38].

Bone Quality

Bisphosphonates improve trabecular microarchitecture;

however, they have a relatively small effect on cortical

bone. Trabecular microarchitecture is improved (greater

bone volume, greater trabecular thickness, decreased tra-

becular spacing) after 2–3 years of alendronate treatment

compared with placebo [39]. Preservation of the trabecular

architecture is seen within 1 year of treatment with

risedronate [40] and is continued for up to 5 years [41, 42].

Neutral effects on cortical thickness have been reported

with alendronate [43] and risedronate [40, 42]. However,

data are conflicting on the impact of bisphosphonates on

cortical porosity. Data from iliac crest biopsies after

3 years’ treatment with alendronate reveal a significant

decrease in cortical porosity [43], as does a study using

DXA [28], although data from patients receiving risedro-

nate [40, 42] and zoledronate [44] do not show a change in

cortical porosity with treatment.

Persistent long-term inhibition of bone turnover leads to

a fall in the number of bone-resorption pits, and secondary

mineralization may be extended. Data from postmeno-

pausal women receiving alendronate for 3 years showed

decreases in activation frequency of 87% at year 2 and 92%

at year 3, which allowed for increased secondary miner-

alization [45]. Overall mineralization was increased com-

pared with placebo—the mean degree of mineralization

was 7.5% higher than placebo at year 2 and 10.7% higher

at year 3. A further study of iliac crest biopsies reported

that alendronate treatment for up to 3 years was associated

with an increase in mineralization [43]. Studies using lCT

of the trabecular bone in transiliac biopsies taken from

women treated with risedronate for 3 years [46] and

5 years [47] revealed increased mineralization, comparable

to that of young premenopausal women.

However, histomorphometric data from postmenopausal

women receiving alendronate [48] for up to 10 years or

risedronate [49, 50] for up to 5 years found markedly

decreased trabecular bone turnover and normal minerali-

zation. Transiliac bone biopsies of a subgroup of patients

from the Fracture Intervention Trial Long-Term Extension

(FLEX) trial found that patients receiving alendronate (5 or

10 mg/day) for 10 years had similar bone matrix mineral-

ization to those receiving alendronate for 5 years followed

by 5 years of placebo. Data from these FLEX participants

were compared to those from a previously published

healthy population, and no difference in bone mineraliza-

tion density distribution between treated and untreated

patients was found [51]. A similar picture is seen with

ibandronate [52] for treatment up to 34 months.

Annual dosing for 3 years with intravenous zoledronate

5 mg resulted in reduction of bone turnover and preser-

vation of bone structure and mass without any signs of

adynamic bone. Osteoid formation and mineralization of

newly formed bone did not differ between the zoledronate

and placebo groups [44]. Women switched to zoledro-

nate 5 mg intravenously after at least 1 year of treatment

with alendronate had comparable bone histomorphome-

try on iliac crest bone biopsy to women remaining on

alendronate [53].

FTIRI assessment of the mineral properties of bisphos-

phonates in a small iliac crest–biopsy study revealed that

postmenopausal women treated with alendronate for

3 years had a significantly higher mineral content (mineral/

matrix ratio) within cortical bone than untreated control

women [54]. There was a trend toward increased mineral

content within trabecular bone, although this was not sig-

nificant. The study also revealed a decrease in tissue het-

erogeneity with alendronate treatment, which the authors

considered may impair tissue mechanical properties.

A similar study using FTIRI in postmenopausal women

receiving risedronate for 5 years [41] revealed that at 3 and

5 years the risedronate group retained baseline values in

bone mineral indices (mineral maturity/crystallinity and

collagen cross-link ratio). In contrast, at 3 years women in

the placebo arm had increased bone mineral indices rela-

tive to baseline values, indicating continued maturation of

bone. After 5 years of risedronate, the bone mineral indices

in areas of bone formation were comparable to those

reported in premenopausal women.

FTIRI data suggest that there are differences between

bisphosphonates in terms of the impact on bone mineral

indices: Alendronate appears to increase bone matrix

mineralization, whereas risedronate appears to maintain it.

Although both studies were on small numbers of patients—

17 and 18 women, respectively—the data provide some

insight into the differing properties of bisphosphonates

within the bone. Data from patients receiving teriparatide

reveal a significantly lower matrix mineralization, mineral

crystallinity, and collagen cross-link ratio compared with

those receiving placebo [30], a similar picture to that seen

in the risedronate study [41].
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Bone-Quality Concerns with Bisphosphonates

Bone remodeling helps to maintain tissue integrity by

selectively removing damaged bone and replacing it with

new bone. Concerns have been raised that the prolonged

antiresorptive action of bisphosphonates may result in bone

becoming adynamic or ‘‘frozen.’’ The severely reduced

bone remodeling associated with adynamic bone may be

unable to repair microdamage, resulting in microcracks and

atypical fragility.

It may be that a proportion of patients on long-term

bisphosphonate treatment develop marked suppression of

bone turnover. In a study of 87 women with osteoporosis

treated with either alendronate or risedronate, the bone-

resorption marker urinary Ntx was highly suppressed in

13% of the women [55].

A study which assessed microcrack frequency using

transiliac bone biopsies in 50 postmenopausal women who

had received bisphosphonate therapy (37 on oral alendro-

nate, 10 on oral risedronate, and three on intravenous

pamidronate) for at least 3 years found no significant dif-

ference between treated women and cadaver controls (0.13

vs. 0.05 microcracks/mm2, P = 0.59) [56]. Just over half of

the samples had no observable microcracks (54 vs. 58%).

However, a further study revealed that, after adjustment for

age, prevalent fractures, femoral neck BMD, activation

frequency, and investigational center, microdamage density

was significantly increased in transiliac crest biopsies of

women who had been treated with alendronate for an

average of 5 years [4]. Low femoral neck BMD was the

only independent predictor of microdamage in women

receiving alendronate, suggesting that microdamage may be

more likely in patients with low BMD treated with

alendronate. However, it has been suggested that assess-

ment of microcracks in humans is limited by the use of

invasive techniques since the only site to obtain bone

samples in humans is the iliac crest, which seems to have

lower rates of microcracks than other weight-bearing sites

such as the femur and the vertebrae [57].

It has been suggested that microdamage accumulation

with long-term bisphosphonate use might result in atypical

stress fractures. A recent secondary analysis of three large

long-term bisphosphonate trials [58] revealed 12 atypical

fractures in 10 women out of 14,195 women receiving

bisphosphonates (alendronate or zoledronate) for up to

10 years, resulting in a rate of 2.3 per 10,000 patient-years.

These data emphasize the importance of considering the

risks versus the benefits of long-term bisphosphonate

therapy and the option of ‘‘drug holidays,’’ particularly for

those patients with markedly reduced bone turnover [59].

A retrospective review of women of Chinese ethnicity in

Singapore experiencing a low-energy subtrochanteric

femur fracture while on alendronate therapy found 17

patients with fracture over a 20-month period [5]. The

mean duration of alendronate treatment was 4.8 years.

X-ray assessment of the patients revealed cortical thick-

ening in the lateral side of the subtrochanteric region, a

transverse fracture and a medial cortical spike. Most

patients (76%) experienced pain prior to their fracture, and

53% had bilateral findings of stress fracture. Another case

report detailed nine patients who experienced spontaneous

nonvertebral fracture while on long-term alendronate

treatment; furthermore, six of the nine patients experienced

delayed fracture healing [6]. Histomorphometric analysis

of trabecular, intracortical, and endocortical bone revealed

severely suppressed bone turnover. Bone-formation rate

was reduced, matrix formation was severely impaired, and

bone resorption was reduced in most patients. A further

case report revealed severely suppressed bone turnover in

three patients on long-term bisphosphonate therapy with

spontaneous nonvertebral fracture, prodromal pain, and

delayed healing [7]. A proportion of patients in the case

reports were also taking glucocorticoids, hormone-

replacement therapy, or raloxifene or had concomitant

disease (glucocorticoid-induced osteoporosis, hypopara-

thyroidism), all of which could have exaggerated the

antiresorptive effects of alendronate.

Comparison of the Effects of PTH

and Bisphosphonates on Bone Quality

Data on patients from the Forteo Alendronate Comparator

Trial (FACT) receiving teriparatide 20 lg/day or alendro-

nate 10 mg/day allow comparison of the effects of the two

agents on bone quality. Transiliac crest bone biopsies were

obtained after tetracycline double labeling from patients

enrolled in FACT at 6 and 18 months [60]. Markers of

bone formation (P1NP) and markers of bone resorption

(Ntx) were decreased in the alendronate arm and increased

in the teriparatide arm. As expected, histomorphometric

indices of bone formation were significantly and markedly

greater in the teriparatide-treated patients than in the

alendronate-treated patients at both 6 and 18 months.

Indices of bone resorption were significantly greater in the

teriparatide-treated patients at 6 months. In the teripara-

tide-treated patients, formation and activation frequency

were significantly higher at 6 months than at 18 months.

There was no difference in cortical porosity at 6 months;

however, cortical porosity was significantly higher with

teriparatide than with alendronate at 18 months.

A further study used spinal QCT scans to assess mea-

sures of vertebral strength in a subset of patients enrolled in

FACT [61]. Both teriparatide and alendronate resulted in

an increase in vertebral strength—at least 75% of patients

in both groups had increased vertebral strength compared
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with baseline after 6 months of treatment. Average

volumetric density and trabecular bone strength were

increased in both groups; however, the increases in the

teriparatide-treated patients were five- to 12-fold higher

than those in the alendronate-treated patients. The

strength:density ratio was fivefold higher in the teripara-

tide-treated patients, due to preferential increases in tra-

becular strength (Table 1).

Strontium Ranelate

Mode of Action

The mechanism of action of strontium ranelate is uncertain,

although a mixed mode of action has been suggested, with

increased bone formation and decreased bone resorption

[15]. It is thought that strontium ranelate increases preos-

teoblast replication, osteoblast differentiation, collagen

type I synthesis, and bone matrix mineralization, probably

through a calcium-sensing receptor (CaR)-dependent

mechanism. Paralleling this potentially anabolic effect, it is

thought that there is inhibition of osteoclast differentiation

and activity mediated by an increase in OPG and a decrease

in RANKL [62].

Data from bone-turnover markers are conflicting in that

some studies show an increase in markers of bone forma-

tion [16] while others show a decrease [63, 64]. However, a

bone-biopsy study in postmenopausal women failed to

show any evidence of bone formation, despite showing an

increase in markers of bone formation [16].

Bone-biopsy specimens from postmenopausal women

with osteoporosis treated with strontium ranelate show a

reduction in bone resorption but no evidence of increased

bone formation [16]. Further work on postmenopausal

women receiving strontium ranelate after teriparatide

treatment does not demonstrate an anabolic action with

strontium ranelate. Postmenopausal women previously

treated with teriparatide were randomized to strontium

ranelate plus calcium and vitamin D or calcium and vita-

min D alone [63]. Bone-turnover markers were increased

after treatment with teriparatide and decreased to a similar

extent after treatment with strontium ranelate or calcium

and vitamin D, suggesting that in this context strontium

ranelate acts predominantly as an antiresorptive agent, with

no evidence of anabolic action. A small study in post-

menopausal women receiving strontium ranelate after

18 months’ treatment with teriparatide revealed a similar

picture in terms of bone-turnover markers [64]. Lumbar

spine BMD increased significantly after teriparatide treat-

ment and further improved with sequential strontium

ranelate treatment.

It should be noted that the true BMD increase with

strontium ranelate is difficult to interpret since strontium

ranelate has an atomic number greater than that of calcium,

which weakens X-ray penetration and results in an over-

estimation of measured BMD.

There is evidence to support the efficacy of strontium

ranelate for the reduction of fracture risk in postmeno-

pausal women with osteoporosis [65]. A meta-analysis of

four trials of strontium ranelate revealed a 37% reduction

in vertebral fractures (RR = 0.63, 95% CI 0.56–0.71) and

a 14% reduction in nonvertebral fractures (RR = 0.86,

95% CI 0.75–0.98) in postmenopausal women with oste-

oporosis receiving strontium ranelate 2 g/day for 3 years

[65]. A significant reduction in hip fracture has been

demonstrated in patients at high risk of hip fracture

(women aged 74 or over, femoral neck BMD B-3) [66].

Bone Quality

Data from a 3-year placebo-controlled trial in women with

existing vertebral fracture revealed that strontium ranelate

results in a significant 8.1% increase in a marker of bone

formation (bone-specific alkaline phosphatase) from month

3 to the end of year 3 (P \ 0.001). In contrast, the marker

of bone resorption (C-telopeptide cross-links) was signifi-

cantly decreased by 12.2% compared with placebo

(P \ 0.001) [16].

Histomorphometric analysis of transiliac bone biopsies

showed that strontium ranelate results in the formation of

normal lamellar bone and maintains normal mineralization

of bone [16, 67].

2-D histomorphometry of transiliac bone biopsies using

lCT from postmenopausal women receiving strontium

ranelate for up to 5 years revealed a significantly higher

mineral apposition rate in trabecular bone compared with

women receiving placebo treatment [67]. There was also a

Table 1 Comparison of the effects of PTH and bisphosphonates on

bone quality

PTH Bisphosphonates

Bone-turnover markers

Resorption Increase Decrease

Formation Increase Decrease

Trabecular bone

Structural integrity Improve Improve

Bone volume Increase Improve

Vertebral strength Large increase Small increase

Cortical bone

Cortical thickness Increase No change

Cortical cross section Increase ?

Cortical porosity Increase No change/decrease

Mineralization Decrease Increase
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trend toward higher mineral apposition rate in cortical bone

with strontium ranelate [67].

A further study revealed that bone mineral quality,

including mineralization and collagen cross-links, was

preserved in postmenopausal women receiving strontium

ranelate for 3 years [68]. Strontium is exclusively depos-

ited in bone formed during treatment with strontium

ranelate [68], with a plateau reached after 3 years [69].

Improvements were also seen in microarchitecture on

3-D lCT (improved cortical thickness, higher trabecular

number, lower trabecular separation) with no change in

cortical porosity compared to placebo controls [67].

There was evidence of more osteoblast activity in

patients receiving strontium ranelate compared with pla-

cebo, suggesting an increase in bone formation, but no

evidence of a reduction in bone resorption [67].

Denosumab

Mode of Action

The monoclonal antibody denosumab binds to RANKL, a

key mediator of osteoclast differentiation, function, and

survival, preventing the binding of RANKL to RANK

(Fig. 6) [70].

Denosumab exerts rapid, marked, and sustained effects

on bone resorption by preventing RANKL-induced increa-

ses in osteoclasts. The antiresorptive effect of a 60-mg

subcutaneous injection of denosumab is significantly greater

than that seen with oral alendronate [14]. Although deno-

sumab is removed from bone much more rapidly than the

bisphosphonates, concerns have been raised over the clinical

impact of potent long-term osteoclast inhibition [70].

A large placebo-controlled trial of 7,868 women (the

FREEDOM trial) has demonstrated the antifracture efficacy

of denosumab. In the FREEDOM trial, 3 years’ treatment

with denosumab (60 mg as a subcutaneous injection every

6 months) resulted in reductions in vertebral fracture (2.3

vs. 7.2%, P \ 0.001), hip fracture (0.7 vs. 1.2%, P = 0.04),

and nonvertebral fracture (6.5 vs. 8.0%, P = 0.01) in

postmenopausal women with osteoporosis [71].

Bone Quality

Bone-turnover markers fall with denosumab treatment

[71]. Serum Ctx, a marker of bone resorption, was

decreased by 86% compared with placebo 1 month after

the initial injection of denosumab and by 72% at the end of

the 3-year trial. Serum P1NP, a marker of bone formation,

was decreased by 18 and 76% compared with the placebo

group at the same time points.

There are little bone-quality data for denosumab. A study

on 1,189 postmenopausal women with low BMD (T score

B2) randomized participants to denosumab (60 mg as a

subcutaneous injection every 6 months) plus oral placebo or

to oral alendronate (70 mg once weekly) plus subcutaneous

placebo [14]. Significantly greater increases in BMD were

seen with denosumab compared with alendronate at all

measured sites including the total hip and femoral neck.

Denosumab treatment led to significantly greater reductions

in bone-turnover markers compared with alendronate.

Evaluation of the bone-formation marker P1NP showed a

time delay in reduction relative to CTX with both treat-

ments, demonstrating that bone remodeling remained cou-

pled with both denosumab and alendronate therapy.

A post hoc study of patients randomized to placebo,

alendronate, or denosumab analyzed hip DXA scans with

hip structural analysis software to evaluate BMD and cross-

sectional geometric parameters at the narrowest segment of

the femoral neck, the intertrochanter, and the proximal

shaft [72]. At 12 and 24 months denosumab and alendro-

nate both improved bone cross-sectional area, section

modulus, and buckling ratio compared with placebo. The

effects of denosumab were greater than those of alendro-

nate at the intertrochanteric and shaft sites.

The use of denosumab after at least 6 months of

alendronate treatment resulted in a greater increase in BMD

compared with patients remaining on alendronate (1.9 vs.

1.05% increase at 12 months, P \ 0.0001). Serum Ctx was

significantly decreased in patients switched to denosumab

compared with patients remaining on alendronate, in whom

serum Ctx remained near baseline, demonstrating the potent

antiresorptive effects of denosumab [73].

Using Bone-Quality Data to Inform Clinical Practice

A number of studies have set out to determine the optimal

place in therapy for PTH with respect to bisphosphonate

use (whether it should be used before, after, or in
Fig. 6 RANK, RANKL, and OPG. Denosumab competes with OPG

to bind to RANKL and prevent the activation of osteoclasts
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combination with bisphosphonates) and potential treatment

options at the end of PTH therapy. There is a lack of

fracture data to support this part of the decision-making

process, and future studies of sequential therapy with

fracture as an outcome are unlikely. In the absence of

fracture-outcome data, the evidence is from surrogate end

points such as BMD and bone quality, primarily bone-

turnover marker data.

BMD is simple to measure; however, BMD is a rela-

tively poor predictor of fracture [2, 3]. Assessing bone

quality can provide further supporting evidence, although

many of the tools used to measure bone quality are not

available for everyday use. However, bone turnover, one

aspect of bone quality, can be readily measured using

biomarkers. The routine use of biomarkers is costly and

often unnecessary but may be of clinical value in patients

receiving PTH or long-term bisphosphonate treatment. In

the absence of readily available bone-quality testing,

reviewing the available evidence from clinical studies of

bone quality and considering the underlying mechanisms

of change within bone structure can help to inform treat-

ment decisions.

The BMD and bone-quality data outlined below

suggest that PTH should probably be used prior to

bisphosphonates.

Post hoc analysis of data from the Fracture Prevention

Trial revealed that the relative risk reduction in fracture

with teriparatide treatment was independent of pretreat-

ment bone turnover [74], demonstrating benefit across all

disease severities.

Data are conflicting on the potential ‘‘blunting’’ of

response to teriparatide in patients pretreated with bis-

phosphonates. A number of studies have shown that pre-

vious long-term treatment with bisphosphonates does not

appear to have a significant impact on the effects of teri-

paratide on BMD and markers of bone formation in post-

menopausal women with established osteoporosis [75].

Women treated with teriparatide for 12 months following

at least 24 months of alendronate or risedronate treatment

show an early increase in bone-turnover markers with

teriparatide and increases in BMD [76]. A review of

patients from one U.K. unit treated with teriparatide for at

least 12 months compared those patients who had received

bisphosphonates prior to teriparatide (n = 38) with bis-

phosphonate-naive patients (n = 14) [77]. P1NP increased

significantly with teriparatide in both groups; however,

bisphosphonate-naive patients had higher baseline P1NP

levels, which remained higher at 6 and 12 months of teri-

paratide treatment. There was no significant difference in

BMD at the spine or the hip between the two groups at 12

and 18 months.

However, a study of postmenopausal women receiv-

ing teriparatide for 24 months after treatment with

bisphosphonates (split into responders to bisphosphonates,

n = 134, and nonresponders to bisphosphonates, n = 85)

and bisphosphonate-naive women (n = 84) revealed a

modest blunting of response to teriparatide [78]. The gain

in lumbar spine BMD over 24 months was greatest in the

bisphosphonate-naive women (13 vs. 10.2% for bis-

phosphonate responders and 9.8% for nonresponders,

P \ 0.005). A similar trend was seen in hip BMD (3.8 vs.

2.3% for both bisphosphonate groups). The study was not

powered or designed to assess the effect of pretreatment

with bisphosphonates on fracture risk.

Patients pretreated with risedronate show a greater

response to treatment with teriparatide than those pre-

treated with alendronate as measured by bone-turnover

markers, particularly P1NP, at month 3 and a greater

response in terms of BMD. Iliac crest biopsies have dem-

onstrated an early (\1 month) response to teriparatide in

patients previously treated with bisphosphonates [79].

There was an increase in bone-remodeling units as early as

1 week after the first dose of teriparatide.

A prospective study assessed the effect of teriparatide

(20 lg) on microcracks in postmenopausal women with

osteoporosis previously treated with alendronate for a

mean of 5.3 years (n = 38) and previously untreated

women (n = 28) [80]. After 2 years of treatment with

teriparatide, assessment of the iliac crest showed a reduc-

tion in crack density, crack surface density, and crack

length in patients previously treated with alendronate;

however, only crack length was decreased in previously

untreated patients. It appears that teriparatide reduces

microdamage accumulation in the iliac crest of patients

previously treated with alendronate and reduces crack

length regardless of prior treatment.

Teriparatide is given for a maximum of 2 years. After

discontinuation of teriparatide, there is a fall in BMD,

which appears to be greater in women than in men [81]. It

seems sensible to attempt to retain the new bone formed

during the treatment period, and a number of strategies

have been suggested.

Retreatment with teriparatide is costly and may be

associated with a blunting of the response to retreatment. A

study in men and women with osteoporosis found increases

of 12.5 and 16.9% in posterior–anterior and lateral spine

BMD with the first 12-month course of teriparatide, which

were reduced to 5.2 and 6.2%, respectively, after 12 months

of teriparatide retreatment following a 12-month teripara-

tide-free period [82]. A similar picture was seen in terms of

bone-turnover markers.

Treating postmenopausal women with alendronate after

PTH treatment results in an increase in vertebral BMD

greater than that seen with alendronate alone [83]. Post-

menopausal women received PTH(1–84) or placebo for

12 months, followed by alendronate for an additional
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12 months. After 12 months of PTH(1–84), BMD changed

by 7.1 ± 5.6% at the spine, 0.3 ± 6.2% at the femoral

neck, and -2.3 ± 3.3% for the total body. Sequential

treatment with alendronate resulted in increases of

13.4 ± 6.4, 4.4 ± 7.2, and 2.6 ± 3.1%, respectively. All

markers of bone turnover increased during PTH(1–84)

treatment and decreased to below baseline during alendr-

onate treatment.

The PaTH (PTH and alendronate) study compared

the use of PTH(1–84), alendronate, or PTH(1–84) plus

alendronate (combination therapy) in postmenopausal

women with osteoporosis over a 12-month period. Spinal

BMD and volumetric density of trabecular bone at the

spine increased substantially in all groups, but the increase

in volumetric density in the PTH(1–84) group was about

twice that found in either of the other groups. Bone for-

mation increased markedly in the PTH(1–84) group but not

in the combination group, while bone resorption decreased

in the combination and alendronate groups [84]. Changes

in the volumetric density of trabecular bone, the cortical

volume at the hip, and levels of markers of bone turnover

suggest that the concurrent use of alendronate may reduce

the anabolic effects of PTH [84]. Patients in PaTH were

switched to alendronate or placebo in year 2 of treatment,

resulting in four treatment arms (PTH-placebo, PTH-

alendronate, combination-alendronate, and alendronate-

alendronate). Patients randomized to PTH-alendronate

showed the greatest increase in BMD at the spine, hip, and

distal radius, while those randomized to placebo in year 2

(PTH-placebo) showed the greatest decrease in BMD and

lost considerable BMD [85]. Finite element analysis of

QCT scans from women in PaTH allowed assessment of

changes in femoral strength [86]. Significant improvements

in femoral strength were seen in the PTH (2.08%) and

alendronate (3.6%) groups in year 1 of treatment; at year 2

the improvements were significant in the PTH-alendronate

(7.74%), combination-alendronate (4.18%), and alendro-

nate-alendronate (4.83%) groups but not in the PTH-pla-

cebo group (1.17%). The increases in strength were

primarily due to improvements in trabecular density

(Fig. 7).

Conclusions

PTH is given over a 2-year period, and a number of studies

have demonstrated an increase in bone strength and BMD

during the treatment period, together with a reduction in

fracture risk. However, the effects of treatment appear to

reverse once treatment is halted [85, 86], and a treatment

strategy should consider the appropriate treatment post-

PTH.

The lack of hip fracture–outcome data and issues around

cortical porosity with PTH may raise concerns around the

first few months of PTH use in older women. However the

bone-quality data available do not suggest any impairment

in bone strength in this context. The effects of PTH on

bone quality may make this an attractive treatment option

for younger patients. Younger women are at greater risk of

‘‘trabecular’’ fractures—e.g., vertebral fractures—and there

is good evidence for the antifracture efficacy of PTH at this

site.

Younger treatment-naive women, aged 60–65 years,

with very low BMD T scores at high absolute fracture risk

may benefit from PTH as primary therapy to improve the

bone substrate and build bone. High risk in this context has

been defined as women aged under 65 years with a T score

of -3.5 or less, even in the absence of fracture [27]. This

recommendation was based on the premise that although

there are no head-to-head trials comparing the antifracture

efficacy of PTH and bisphosphonates, PTH produces a

rapid improvement in bone quality, specifically microar-

chitecture, which is not seen with bisphosphonates. It has

been suggested that patients with additional risk factors,

such as low body mass index, use of glucocorticoids, and

malabsorption, may benefit still further with PTH treatment

[27]. Treatment-naive patients are likely to achieve the

maximal benefit from PTH since any potential blunting

with prior bisphosphonate use is avoided.

PTH is given for a maximum of 2 years; treatment with

an antiresorptive after cessation of treatment with PTH will

further improve BMD and reduce the risk of fracture [27].

There is evidence to support sequential treatment with

alendronate after PTH [83] from a study in postmenopausal

women which demonstrated that the typical improvement

in BMD with alendronate was added to the prior

Fig. 7 Mean change from baseline in femoral strength at years 1 and

2 compared with baseline. For year 1 the two PTH groups have been

pooled into one bar (white bar). * Change from baseline was

statistically significant, P \ 0.05 [86]

480 S. J. Gallacher, T. Dixon: Impact of Treatments for Postmenopausal Osteoporosis

123



improvement resulting from treatment with PTH. By

treating with bisphosphonates after PTH, the benefit of

PTH on BMD continues into later years. Bisphosphonates

reduce bone loss and have a strong evidence base to sup-

port fracture reduction at all sites, including the hip.

Acknowledgment This study was supported by Eli-Lilly and Co.,

which provided a fee for one of the authors (T. D.).

Appendix: Search Strategy

1. Alendronate

2. Risedronate

3. Ibandronate

4. Zoledronate

5. 1 or 2 or 3 or 4

6. Strontium ranelate

7. Teriparatide

8. Preotact

9. hPTH

10. 1–84

11. 1–34

12. 7 or 8 or 9 or 10 or 11 or 12

13. Denosumab

14. Bone quality

15. Bone strength

16. Bone microarchitecture

17. Bone histomorphometry

18. Osteocalcin

19. Alkaline phosphatase

20. Ctx

21. Ntx

22. Bone turnover

23. Osteoporosis

24. 5 or 6 or 12 or 13

25. 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22

26. 24 and 25

27. 26 and osteoporosis

Limit to humans and adults.
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