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Abstract Zoledronic acid (Reclast�, Aclasta�) is an

intravenous, highly potent aminobisphosphonate approved

worldwide, including in the USA, EU and Japan for use in

patients with primary or secondary osteoporosis or low

bone mass (approved indications vary between countries).

Its high affinity to and long half-life in bone, and long

duration of action, allow for once-yearly administration,

which has the potential to improve adherence to therapy.

Zoledronic acid once yearly for up to 3 years improved

bone mineral density (BMD) at several skeletal sites,

reduced fracture risk and bone turnover, and/or preserved

bone structure and mass relative to placebo in clinical

studies in patients with primary or secondary osteoporosis.

While additional benefits were seen when treatment was

continued for up to 6 years, as evidenced by a reduced risk

of vertebral fractures and higher BMD relative to 3 years’

therapy, there was minimal advantage of treatment beyond

6 years. Therefore, in patients with low fracture risk,

treatment discontinuation should be considered after

approximately 5 years’ therapy. Zoledronic acid adminis-

tered annually or once in 2 years was also effective in

preventing bone loss in patients with low bone mass.

Zoledronic acid was generally well tolerated, with the most

common adverse events (AEs) being transient, mild-to-

moderate post-infusion symptoms, which decreased with

subsequent infusions. To conclude, zoledronic acid once

yearly is an effective and generally well tolerated treatment

option for patients with osteoporosis.

Intravenous zoledronic acid: clinical considerations

in osteoporosis

Improves BMD at several skeletal sites, reduces

fracture risk and bone turnover and preserves bone

structure and mass

Most common AEs are transient, mild-to-moderate

post-infusion symptoms, which decrease with

subsequent infusions

Once-yearly administration has the potential to

improve treatment adherence

1 Introduction

Osteoporosis is sometimes referred to as a silent disease, as

it develops painlessly, often with no symptoms until a

fracture occurs [1]. Both men and women are at risk of

osteoporotic fractures, most commonly spinal, hip and

wrist fractures [1]. Several pharmacological options are

available for the prevention and treatment of primary and

secondary osteoporosis, which can be broadly categorized

into antiresorptive agents (e.g. bisphosphonates, estrogen)
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that preserve bone mineral density (BMD) by reducing

bone resorption, and anabolic agents (e.g. teriparatide) that

increase BMD by stimulating bone formation. Antiresorp-

tive agents are a cornerstone for the treatment of osteo-

porosis [2], with several drug classes currently available, of

which bisphosphonates are often recommended as first-line

options for men and women at risk of osteoporotic frac-

tures [3–7]. Zoledronic acid (Reclast�, Aclasta�), an

intravenous, highly potent aminobisphosphonate, is one

such antiresorptive agent approved worldwide (including in

the USA [8], EU [9] and Japan [10]) for use in patients with

primary or secondary osteoporosis or low bone mass (Sect.

5). This narrative review focuses on the therapeutic effi-

cacy and tolerability of zoledronic acid 5 mg once yearly in

these patients and summarizes relevant pharmacological

data. Zoledronic acid is also approved for use in other

indications, the discussion of which is beyond the scope of

this review.

2 Pharmacological Properties of Zoledronic Acid

The pharmacological properties of intravenous zoledronic

acid are well established and reviewed previously [11, 12];

therefore, a brief overview focussing on data relevant to

osteoporosis, wherever possible, is provided.

2.1 Mechanism of Action

Zoledronic acid has high affinity for mineralized bone

[8, 9, 13], accumulating rapidly after intravenous admin-

istration and localizing preferentially at sites of high bone

turnover [8]. It is thought to be internalized during bone

resorption via the endocytic activity of osteoclasts [14] and

inhibits bone resorption by inhibiting farnesyl pyrophos-

phate synthase (FPPS) and preventing protein prenylation

[15, 16]. The high binding affinity of zoledronic acid for

mineralized bone [13] and for the FPPS active site [17] is

thought to account for its long duration of action [9].

In vitro, the binding affinity of zoledronic acid for

hydroxyapatite was higher than that of other bisphospho-

nates (binding affinity constants of 3.47 9 10-6 mol/L vs.

2.94, 2.36, 2.19, 1.19 and 0.72 9 10-6 mol/L for alen-

dronic acid, ibandronic acid, risedronic acid, etidronic acid

and clodronic acid, respectively) [13]. Inhibition of FPPS

also results in the monocyte-mediated activation and

expansion of cd-T cells and subsequent release of proin-

flammatory cytokines (e.g. tumour necrosis factor-a,
interleukin-6, interferon-c), which are thought to cause the

influenza-like symptoms (also referred to as acute-phase

response (APR)] associated with aminobisphosphonates

such as zoledronic acid (Sect. 4) [18, 19]. More recently, it

has been suggested that the lower incidence of APR in

patients with prior exposure to aminobisphosphonates may

be because of a sustained decrease in circulating cd-T cell

levels after aminobisphosphonate treatment, probably due

to the activation and extravasation of these cells into

peripheral lymphoid tissues [20].

2.2 Pharmacokinetic Profile

The pharmacokinetic properties of intravenous zoledronic

acid are based on data from 12 Japanese patients with pri-

mary osteoporosis who received a single C15-min infusion

of zoledronic acid 5 mg [10] and 64 patients with cancer and

bone metastases who received single or multiple 5- or

15-min infusions of zoledronic acid 2–16 mg every 28 days

[8, 9]. Plasma concentrations of zoledronic acid increased

rapidly after intravenous administration in cancer patients,

with peak concentrations (Cmax) reached at the end of the

infusion [8, 9]. Drug concentrations declined rapidly there-

after to\10% of Cmax after 4 h and\1% of Cmax after 24 h

and remained at B0.1% of Cmax for a prolonged period

[8, 9]. Similar results were seen in patients with osteo-

porosis; after reaching Cmax at the end of the infusion,

plasma concentrations of zoledronic acid decreased rapidly

to\1% of Cmax within 24 h and gradually thereafter to less

than the lower limit of quantification after 336 h [10].

Zoledronic acid did not accumulate in plasma after repeat

administration every 28 days in cancer patients [9].

Zoledronic acid is not metabolized and does not inhibit

CYP enzymes [8, 9]; it is excreted unchanged renally, with

39% of a dose (in cancer patients) [8, 9] and 45% of a dose

(in osteoporosis patients) [10] eliminated in the urine

within 24 h. The remainder of the dose is largely bound to

bone and released back into the systemic circulation very

slowly and excreted renally [8, 9]. Zoledronic acid was

eliminated in a triphasic manner in cancer patients, disap-

pearing rapidly from the systemic circulation during the

first two phases [half-life (t�) a and t�b of 0.24 and 1.87 h,

respectively], presumably because of uptake into bone and

renal excretion, followed by a prolonged terminal elimi-

nation phase (t�c 146 h) [8, 9]. Renal clearance of zole-

dronic acid over 0–24 h in these patients was 3.7 L/h [8];

the total body clearance was 5.04 L/h, regardless of dose,

age, gender, race or bodyweight [9].

No dosage adjustment of zoledronic acid is required in

the elderly [9], in patients with hepatic impairment [9] and

in patients with mild or moderate renal impairment [crea-

tinine clearance (CLCR) C35 mL/min] (see also Sect 4.1)

[8, 9]. As zoledronic acid is excreted renally, caution is

advised when coadministering it with drugs that affect

renal function (e.g. aminoglycosides or diuretics, because

of a risk of dehydration [9]) [8, 9] or nephrotoxic drugs

(e.g. NSAIDs) [8, 21]. Exposure to drugs that are largely

excreted by the kidneys may increase when coadministered
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with zoledronic acid in renally impaired patients; consid-

eration should be given to monitoring serum creatinine

levels in at-risk patients [9]. No drug interaction studies

have been undertaken with zoledronic acid; however, as

zoledronic acid does not inhibit CYP enzymes, it is unli-

kely to affect the metabolic clearance of drugs metabolized

by these enzymes [8, 9]. Due to its low plasma protein

binding (approximately 43–55% [9]), zoledronic acid is

unlikely to interact via displacement of highly plasma

protein bound drugs [8, 9].

3 Therapeutic Efficacy of Zoledronic Acid

This section focuses on large (n[ 200 patients) clinical

trials assessing the efficacy of intravenous zoledronic acid

5 mg administered once yearly. Patients in all studies also

received supplemental oral calcium and vitamin D and in

one study (HORIZON-RFT) [22], the majority of patients

were given an oral or intramuscular loading dose of ergo-

calciferol or colecalciferol 2 weeks prior to the first zole-

dronic acid infusion. Baseline values (where reported) are

means, unless specified otherwise.

3.1 In Women with Postmenopausal Osteoporosis

3.1.1 HORIZON-PFT and Its Extensions

The efficacy of zoledronic acid in postmenopausal women

with osteoporosis was assessed in a large, randomized,

double-blind, placebo-controlled, multicentre, phase III

study, HORIZON-PFT, and its extensions [23]. Eligible

patients were aged 65–89 years, had a BMD T-score B-

2.5 at the femoral neck with or without existing vertebral

fracture, or a T-score of B-1.5 with radiological evidence

of at least two mild or one moderate vertebral fracture(s).

Hormone therapy or treatment with raloxifene, tamoxifen

or calcitonin was permitted at baseline and during follow-

up, and patients receiving prior bisphosphonate therapy

could enter the study after a washout period. Patients were

stratified into those who were not taking any osteoporosis

medications at baseline (stratum 1) and those taking a

permitted medication (stratum 2), and were randomized

within each stratum to receive zoledronic acid or placebo

for 3 years; 81% of patients received all three infusions in

the core study [23]. Patients who had received 3 years’

treatment with zoledronic acid in the core study were

randomized in the first extension to receive zoledronic acid

or placebo for an additional 3 years (i.e. a total of 6 or

3 years’ zoledronic acid therapy) [24], and patients who

had received at least the first and second zoledronic acid

infusions in the first extension and completed the study

were randomized in the second extension to receive a

further 3 years of zoledronic acid or placebo (i.e. a total of

9 or 6 years’ zoledronic acid therapy) [25]. Coprimary

endpoints in the core study were new vertebral fractures in

stratum 1 and hip fractures in both strata over a median

duration of 3 years [8, 23]. The primary endpoint in the

first extension was the change in femoral neck BMD at 6

versus 3 years [24] and in the second extension was the

change in total hip BMD at 9 versus 6 years [25].

3.1.1.1 Effect on Fractures Zoledronic acid was effec-

tive in reducing the risk of osteoporotic fractures in women

with postmenopausal osteoporosis [23]. In stratum 1,

patients receiving zoledronic acid had significantly lower

incidences of morphometric vertebral fractures after

1 year’s [1.5 vs. 3.7%; relative risk (RR) 0.40], 2 years’

(2.2 vs. 7.7%; RR 0.29) and 3 years’ (coprimary endpoint;

70% reduction; Table 1) treatment (all p\ 0.001) than

patients receiving placebo. The risk of hip fractures in

strata 1 and 2 was also significantly reduced by 41% after

3 years’ therapy (Table 1; coprimary endpoint). In addi-

tion, patients receiving zoledronic acid had significantly

(p\ 0.001) lower incidences of nonvertebral fractures

(Table 1), any clinical fractures (Table 1), clinical verte-

bral fractures [cumulative incidence 0.5 vs. 2.6%; hazard

ratio (HR) 0.23; 95% CI 0.14–0.37] and multiple mor-

phometric fractures (0.2 vs. 2.3%; HR 0.11; 95% CI

0.05–0.23) than patients receiving placebo for 3 years.

Patients in the zoledronic acid group also had significantly

less height loss than those in the placebo group (-4.2 vs. -

7.0 mm; p\ 0.001) [23].

Preplanned subgroup analyses showed that zoledronic

acid reduced the risk of fractures across a broad range of

patient subgroups based on demographics and baseline risk

factors, such as the presence of vertebral fractures, the

femoral neck T-score and prior bisphosphonate treatment

[26]. With the exception of significant (p\ 0.05) interac-

tions between treatment and body mass index (BMI) and

between treatment and CLCR for vertebral fractures, there

were no significant treatment-by-subgroup interactions for

vertebral, hip and nonvertebral fractures over 3 years [26].

During longer-term therapy in the first extension, the

risk of morphometric vertebral fractures after 6 years’

treatment was significantly reduced by 49% in patients who

received 6 versus 3 years’ zoledronic acid therapy, but no

significant between-group differences were seen for non-

vertebral, clinical vertebral, hip or all clinical fractures

(Table 1) [24]. These results suggest benefit of longer-term

treatment with zoledronic acid in patients at high risk of

fractures, particularly vertebral fractures [24]. In the sec-

ond extension study, fractures were too few for a mean-

ingful comparison and no significant differences were seen

for morphometric vertebral fractures (3 vs. 5 patients) or all

clinical fractures (10 vs. 9 patients) between patients
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receiving 9 years (n = 95) versus 6 years (n = 95) of

zoledronic acid therapy, suggesting little additional benefit

of continuing treatment after 6 years [25].

3.1.1.2 Effect on Bone Mineral Density Three years’

treatment with zoledronic acid significantly increased

BMD [assessed by dual-energy X-ray absorptiometry

(DXA)] at the lumbar spine (6.71% increase), total hip

(6.02% increase) and femoral neck (5.06% increase) rela-

tive to placebo (Table 2) [23]. A subsequent analysis found

that the 3-year change in total hip BMD explained 40% of

the treatment effect in reducing vertebral fractures and 61%

of the treatment effect in reducing nonvertebral fractures

[27]. In addition, subgroup analyses showed that zoledronic

acid increased femoral neck BMD across a broad range of

patient subgroups, with no significant treatment-by-sub-

group interactions for the percentage and/or absolute

changes in BMD [26]

During longer-term therapy in the first extension study,

femoral neck BMD from year 3 to 6 (primary endpoint)

was maintained in patients receiving zoledronic acid for

6 years and reduced slightly in those receiving the drug for

3 years (mean change ?0.24 vs. -0.80%), with a signifi-

cant between-group difference of 1.04% (p = 0.0009);

BMD in both groups remained above pretreatment levels

[24]. Significant benefits with longer-term therapy were

also seen at the total hip (mean change -0.36 with 6 years’

vs. -1.58% with 3 years’ zoledronic acid therapy) and

lumbar spine (3.20 vs. 1.18%) during this period (both

p B 0.0002) [24]. In the second extension study, there were

no significant differences between patients receiving 9

versus 6 years of zoledronic acid in terms of the total hip

BMD (mean change -0.54 years vs. -1.31%; primary

endpoint) and femoral neck BMD (-1.11 vs. -1.17%)

[25].

3.1.1.3 Effect on Bone Turnover Markers Bone turnover

marker (BTM) levels were significantly decreased after the

first infusion of zoledronic acid, with the low levels sus-

tained over the 3-year study duration and no progressive

decrease after the second and third infusions [28]. b-C-
terminal telopeptide of type I collagen (CTX) and bone-

Table 1 Effect of intravenous zoledronic acid 5 mg once yearly on fracture incidence in patients with postmenopausal osteoporosis [23], low-

trauma hip fracture [22] or primary osteoporosis [21] in randomized, double-blind, multicentre trials

Study (treatment duration) Treatment (pt no.a) Fracture incidence (% of pts) [HR; 95% CI]

Vertebralb Hip Nonvertebral Any clinical

In pts with postmenopausal osteoporosis

HORIZON-PFT [23] ZOL (3875) 3.3c 1.4c 8.0 8.4d

(3 years) PL (3861) 10.9c 2.5c 10.7 12.8d

[0.30; 0.24–0.38]e** [0.59; 0.42–0.83]* [0.75; 0.64–0.87]** [0.67; 0.58–0.77]**

Extensionf [24] ZOL6 (616) 3.0 1.3 8.2 NR

(6 years) ZOL3 ? PL3 6.2 1.4 7.6 NR

(617) [0.51; 0.26–0.95]e* [0.90; 0.3–2.5] [0.99; 0.7–1.5] [1.04; 0.71–1.54]

In Japanese pts with primary osteoporosis

ZONE [21] ZOL (330) 3.3c,d NR 6.9d 8.2d

(2 years) PL (331) 9.7c,d NR 12.3d 17.2d

[0.35; 0.17–0.72]* [0.55; 0.32–0.95]* [0.46; 0.29–0.75]*

In pts with low-trauma hip fracture

HORIZON-RFT [22] ZOL (1065) 1.7d 2.0d 7.6d 8.6c,d

(2 years) PL (1062) 3.8d 3.5d 10.7d 13.9c,d

[0.54; 0.32–0.92]* [0.70; 0.41–1.19] [0.73; 0.55–0.98]* [0.65; 0.50–0.84]**

HR hazard ratio (ZOL vs. PL), NR not reported, PL placebo, pt(s) patient(s), ZOL zoledronic acid

* p\ 0.05, ** p B 0.001 vs. PL
a Efficacy [23] or intent-to-treat [22, 24] populations or full analysis set [21]
b All fractures were clinical, with the exception of morphometric vertebral fractures in HORIZON-PFT [23, 24] and ZONE [21]
c Primary endpoint. In HORIZON-PFT, morphometric vertebral fractures were assessed in stratum 1 and hip fractures in strata 1 and 2 (see text

for details) [23]
d Based on Kaplan-Meier estimates of the cumulative incidence over 2 years [21, 22] or 3 years [23]
e Value is the relative risk [23] or odds ratio [24]
f Pts who had received 3 years’ treatment with ZOL in the core study [23] were randomized to receive ZOL (ZOL6) or PL (ZOL3 ? PL3) in the

extension and assessed at 6 years
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specific alkaline phosphatase (BALP) levels were assessed

in 604 patients and procollagen type 1 amino-terminal

propeptide (P1NP) levels were assessed in 1245 patients

[28]. At 1 year, CTX, BALP and P1NP levels in patients

receiving zoledronic acid decreased by a mean of 59, 30

and 58%, respectively (all p\ 0.001) [23], and at 3 years

by a median of 51, 30 and 56% (p value not reported) [28].

By contrast, BTM levels in patients receiving placebo were

maintained at baseline levels over this period [23, 28].

Although substantially decreased, BTM levels in the

majority ([57%) of patients receiving zoledronic acid

remained within the premenopausal reference range

(established in 637 healthy premenopausal women from

the OFELY study) [23, 28]. CTX levels after the third

infusion of zoledronic acid sharply decreased (by 60%)

within 9–11 days (indicating a rapid inhibition of osteo-

clastic activity) and then increased gradually, with levels at

3 years similar to those before the third infusion (median

0.17 vs. 0.16 ng/mL), suggesting that bone turnover is still

reactive after the third infusion [28]. A subsequent analysis

of the study found that the 1-year change in log P1NP

levels explained 58% of the reduction in risk of new

vertebral fractures with zoledronic acid relative to placebo

[27].

During longer-term treatment with zoledronic acid in the

first extension study, P1NP levels increased at 6 versus

3 years both in patients who continued treatment

throughout and in those who switched to placebo after

initial 3 years’ therapy, with a significantly greater increase

seen in patients receiving placebo (?19 vs. ?33%;

p = 0.0001); CTX and BALP levels were also increased in

both groups, but results were limited by small sample sizes

[24]. In the second extension study, at 9 years, there were

no meaningful differences in BTM levels between patients

who continued treatment for 9 years and in those who

discontinued therapy after 6 years [25]. BTM levels in the

two extensions and in all treatment groups remained below

pretreatment levels throughout and were within the pre-

menopausal reference range at all but one assessment

[24, 25]. Taken together with the effects on BMD (Sect.

3.1.1.2), these results suggest residual effects of zoledronic

acid and the potential for most patients to discontinue

therapy for up to 3 years after three annual infusions, and

almost all patients could discontinue therapy after six

Table 2 Effect of intravenous zoledronic acid 5 mg once yearly on bone mineral density in patients with postmenopausal osteoporosis [23],

low-trauma hip fracture [22] or primary osteoporosis [21] in randomized, double-blind, multicentre trials

Study Treatment Years LS mean [22, 23] or mean [21] change from BL in BMDa (%) [BLb value; g/cm2]

Total hip Femoral neck Lumbar spine

In pts with postmenopausal osteoporosis

HORIZON-PFT [23] ZOL 1 ?2.83** [0.65] ?2.7** [0.53] ?3.88** [0.79]

PL 0.0 [0.65] ?0.53 [0.53] ?0.22 [0.79]

ZOL 2 ?3.72** ?3.38** ?5.76**

PL -0.98 -0.5 -0.14

ZOL 3 ?4.15** ?3.92** ?6.95**

PL -1.87 -1.13 ?0.24

In Japanese pts with primary osteoporosis

ZONE [21] ZOL 1 ?2.5** [0.65] ?2.9** [0.53] ?6.0** [0.66]

PL ?0.1 [0.66] ?0.8 [0.53] ?0.2 [0.66]

ZOL 2 ?3.0** ?3.6** ?8.0**

PL -1.0 -0.5 ?0.4

In pts with low-trauma hip fracture

HORIZON-RFT [22] ZOL 1 ?2.6* [0.70] ?0.8* [0.65]

PL -1.0 [0.70] -1.7 [0.65]

ZOL 2 ?4.7* ?2.2*

PL -0.7 -2.1

ZOL 3 ?5.5* ?3.6*

PL -0.9 -0.7

BL baseline, BMD bone mineral density as assessed by dual-energy X-ray absorptiometry, LS least-squares, PL placebo, ZOL zoledronic acid

* p\ 0.001, ** p\ 0.0001 vs. PL
a Values reported for ZONE are mean changes estimated from graphs [21]. Data for HORIZON-PFT were obtained from other sources [61]
b Mean values reported
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annual infusions and expect to maintain treatment benefits

for up to 3 years [25]. Based on this, it is recommended in

the USA and EU that treatment discontinuation should be

considered after approximately 5 years’ therapy in patients

who are at low fracture risk (Sect. 5).

3.1.1.4 Effect on Bone Histology Microcomputer

tomography of iliac crest bone biopsies from 50 and 49

patients in the zoledronic acid and placebo groups, respec-

tively, showed that trabecular bone structure and mass were

preserved following three annual infusions of zoledronic

acid, as indicated by significantly higher trabecular bone

volume (median 16.6 vs. 12.8%) and trabecular number

(1.36 vs. 1.22/mm), and significantly decreased trabecular

separation (0.72 vs. 0.80 mm) with zoledronic acid than

placebo (all p\ 0.05) [29]. Zoledronic acid also signifi-

cantly (p\ 0.05) reduced bone turnover (median 63%

reduction in activation frequency) and improved osteoblast

function relative to placebo, as indicated by several quanti-

tative parameters of bone remodelling assessed in up to 59

biopsies from patients receiving zoledronic acid and 52

biopsies from patients receiving placebo. Evidence of

ongoing bone remodelling was seen in 81 of the 82 biopsies

from patients receiving zoledronic acid [29].

3.1.1.5 Health-Related Quality of Life (HR-QOL) HR-

QOL was assessed using the mini-Osteoporosis Quality of

Life Questionnaire in a subset of patients from HORIZON-

PFT (n = 712 and 710 in zoledronic acid and placebo

groups) [30]. While the overall summary score did not

differ significantly between the zoledronic acid and pla-

cebo groups at any timepoint, significant benefits with

zoledronic acid were seen in some of the domains over the

course of the study [30]. For example, zoledronic acid

significantly (p\ 0.05) improved the ‘overall symptom’

domain and the item ‘pain’ at 1 and 3 years and the item

‘standing pain’ at 1 year [30]. According to a prespecified

analysis of HORIZON-PFT, although the incidence of back

pain over 3 years was high in women with postmenopausal

osteoporosis (56.6% with zoledronic acid vs. 59.5% with

placebo; p = 0.014), patients receiving zoledronic acid had

18 fewer days of back pain (mean 264 vs. 282 days), 11

fewer days of limited activity (mean 61 vs. 72 days) and

were less likely to experience C7 days of bed rest due to a

fracture (RR 0.58; 95% CI 0.47–0.72) or C7 days of lim-

ited activity due to a fracture (0.67; 95% CI 0.58–0.78)

than patients receiving placebo (all p\ 0.05; self-reported

parameters) [31].

3.1.2 Versus Comparators

Two 1-year, randomized, double-blind, multicentre studies

assessed the efficacy of a single dose of intravenous

zoledronic acid versus oral alendronic acid 70 mg once

weekly in women with postmenopausal osteoporosis pre-

viously treated with alendronic acid [intent-to-treat (ITT)

n = 113 and 112)] [32], or versus subcutaneous deno-

sumab 60 mg every 6 months (a fully human monoclonal

antibody against RANKL) in postmenopausal women with

osteoporosis previously treated with oral bisphosphonates

(ITT n = 322 and 321) [33].

3.1.2.1 Compared with Alendronic Acid Postmenopausal

women aged 45–79 years who had been treated with

alendronic acid for C1 year immediately prior to ran-

domization and had a T-score of B-2.0 at the lumbar spine

or femoral neck prior to starting alendronic acid were eli-

gible [32]. The mean duration of prior alendronic acid

therapy was approximately 4 years.

Postmenopausal women with low bone mass can be

switched from oral alendronic acid once weekly to zole-

dronic acid once yearly, with therapeutic benefits main-

tained for at least 1 year after a single dose of zoledronic

acid [32]. At 1 year, the mean change from baseline in

BMD at the lumbar spine (primary endpoint) with zole-

dronic acid was noninferior to that with alendronic acid

both in the ITT (0.167 vs. 0.813%; baseline 0.86 and

0.88 g/cm2, respectively) and modified-ITT (0.120 vs.

0.828%) populations. Unlike in patients receiving alen-

dronic acid, in whom BTMs [CTX, BALP, P1NP and urine

N-telopeptide of type 1 collagen (NTX)] remained at or

close to baseline levels throughout the study (albeit sig-

nificantly lower than baseline at some timepoints), by

3 months, BTM levels with zoledronic acid were decreased

significantly (p\ 0.05) from baseline, returning close to

baseline by 6 months and then increasing gradually to

levels significantly (p\ 0.05) higher than baseline (but

within the range for premenopausal women) by 1 year.

This suggests that in patients previously exposed to long-

term oral alendronic acid and then switched to zoledronic

acid, bone turnover does not remain maximally suppressed

and recovers from the acute effects of the potent intra-

venous bisphosphonate zoledronic acid. Transilial biopsies

at study end from 10 patients in the zoledronic acid group

and 13 patients in the alendronic acid group also showed

evidence of bone turnover in both treatment groups [32].

3.1.2.2 Compared with Denosumab Eligible patients

were ambulatory postmenopausal women aged C55 years

who were receiving oral bisphosphonate therapy for

C2 years immediately prior to screening, had a T-score of

B-2.5 at the lumbar spine, total hip or femoral neck, C2

lumbar vertebrae and one hip evaluable by DXA, and

baseline CTX levels of B500 pg/mL [33].

At 1 year, denosumab was noninferior to zoledronic

acid in terms of the mean change from baseline in BMD at
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the lumbar spine (primary endpoint; 3.2 vs. 1.1%; baseline

T-score approximately -2.7), with a subsequent analysis

demonstrating its superiority over zoledronic acid

(p\ 0.0001 for noninferiority and superiority) [33].

Denosumab was also noninferior (and superior) to zole-

dronic acid in terms of the mean change from baseline in

BMD at the total hip (1.9 vs. 0.6%; baseline T-score

-1.93; p\ 0.0001 for noninferiority and superiority), and

superior to zoledronic acid for the mean changes from

baseline in BMD at the femoral neck (1.2 vs. -0.1%;

p\ 0.0001) and 1/3 radius (0.6 vs. 0%; p = 0.018). CTX

and P1NP levels (assessed in 61 and 56 patients in the

denosumab and zoledronic acid groups, respectively)

decreased from baseline in both treatment groups, with the

median decrease significantly (all p\ 0.05) greater with

denosumab than with zoledronic acid at all timepoints from

day 10 for CTX and month 1 for P1NP. While the decrease

in BTM levels with denosumab persisted over the 6-month

dosing interval, BTM levels with zoledronic acid increased

gradually after an initial decline within 3 months of ther-

apy, which may explain the smaller gains in BMD with

zoledronic acid relative to denosumab. Osteoporosis-re-

lated fractures, assessed as adverse events (AEs), were

reported in 15 patients receiving zoledronic acid and seven

patients receiving denosumab [33].

3.1.3 Other Studies/Analyses

3.1.3.1 In Chinese Patients The efficacy of zoledronic

acid in Chinese women was assessed in a post hoc sub-

group analysis of patients from Hong Kong and Taiwan

who were participating in HORIZON-PFT [34] and in a

randomized, placebo-controlled, single-centre trial in

women from China who had postmenopausal osteoporosis

[35]. The HORIZON-PFT subgroup analysis showed that

as in the overall population (Sect. 3.1.1.1), Chinese patients

receiving zoledronic acid (n = 163) had significantly lower

risks of morphometric vertebral fractures (8 vs. 16.5% in

stratum 1; RR 0.48; 95% 0.24–1.00) and clinical vertebral

fractures (0 vs. 2.7%) than patients receiving placebo

(n = 160) at 3 years (both p\ 0.05) [34]. No significant

between-group differences were seen in the incidences of

hip (0 vs. 1.9%), any clinical (5.7 vs. 9.4%) and nonver-

tebral (5.7 vs. 6.7%) fractures with zoledronic acid relative

to placebo [34]. Patients in the zoledronic acid group had

significant (p\ 0.001) increases in BMD at the total hip

(mean 4.9% increase), femoral neck (4.3%) and femoral

trochanter (7.0%) relative to patients in the placebo group

[34].

Benefits of zoledronic acid therapy were also seen in the

single-centre study, which enrolled Chinese women (mean

age approximately 57 years) with a BMD T-score of B-

2.5 at the femoral neck and no evidence of vertebral

fractures, or a T-score of B1.5 and C2 vertebral fractures

[35]. At 2 years, patients receiving zoledronic acid (ITT

n = 242) had a significantly lower overall risk of fractures

(OR 0.54; 95% CI 0.29–0.98) and significantly lower mean

incidence of fractures at the trochanter (7.9 vs. 13.3%;

p\ 0.05) than patients receiving placebo (n = 241), but

no significant between-group differences were seen in the

mean incidences of fractures at the hip (5 vs. 8.7%),

femoral neck (2.1 vs. 3.7%) and at the L1–L4 vertebrae

(2.5 vs. 4.2%). BMD was significantly (p\ 0.05) increased

with zoledronic acid relative to placebo at these sites [35].

3.1.3.2 In Combination with Teriparatide The efficacy of

zoledronic acid in combination with subcutaneous teri-

paratide 20 lg/day was assessed in a 1-year, randomized,

partial double-blind, multicentre study in postmenopausal

women with osteoporosis [36]. Patients aged 45–89 years

with a BMD T-score of B-2.5 at the femoral neck, total

hip or lumbar spine, or a BMD T-score of B-2.0 at any

site plus C1 vertebral or nonvertebral fractures were eli-

gible. Treatment-naı̈ve patients were randomized to receive

zoledronic acid plus teriparatide (ITT n = 137), placebo

plus teriparatide (n = 138) or zoledronic acid alone

(n = 137); zoledronic acid and placebo were administered

in a blinded manner, while teriparatide administration was

open-label [36]. Discussion focuses on the comparison of

combination therapy versus teriparatide or zoledronic acid

alone.

At 1 year, zoledronic acid plus teriparatide was nonin-

ferior to teriparatide alone in increasing BMD at the lumbar

spine (primary endpoint) both in the ITT population [least-

squares (LS) mean change from baseline 7.5% with the

combination, 7.0% with teriparatide and 4.4% with zole-

dronic acid] and in the per-protocol population (7.3, 7.3

and 4.3%, respectively) (BMD at baseline 0.73 g/cm2)

[36]. Subsequent superiority testing did not show a sig-

nificant difference between combination therapy and teri-

paratide. At all timepoints during the study, BMD was

significantly (p\ 0.05) increased with the combination

versus teriparatide at the total hip, femoral neck and tro-

chanter. Significantly greater increases in BMD were also

seen with the combination versus zoledronic acid at the

lumbar spine at all timepoints and at the total hip at week

13 (all p\ 0.05). The incidence of clinical fractures

(assessed as AEs) did not differ significantly between

patients receiving combination therapy and those receiving

teriparatide (4 vs. 8 patients), but was significantly lower

with the combination than with zoledronic acid alone (4 vs.

13 patients; risk ratio 0.31; 95% CI 0.10–0.92; p = 0.04)

[36].

Concomitant teriparatide reduced the duration of zole-

dronic acid-induced reduction of bone resorption, possibly

because zoledronic acid was removed more rapidly from
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the bone surface in the presence of teriparatide [36]. After

an initial decline, CTX and PINP levels with combination

therapy increased gradually from 1 and 2 months, respec-

tively, to levels higher than baseline levels over the last

6 months of therapy; by contrast, CTX and P1NP levels

with zoledronic acid reduced within 1 and 2 months,

respectively, of the infusion, and remained below baseline

levels throughout the 1-year study period [36].

3.2 In Patients with Low-Trauma Hip Fracture

The efficacy of zoledronic acid in the prevention of new

clinical fractures in women and men who have undergone

recent hip fracture was assessed in the randomized, double-

blind, placebo-controlled, multicentre HORIZON-RFT

[22]. Eligible patients (aged C50 years) were required to

have undergone surgery to repair a hip fracture sustained

with minimal trauma and were unwilling or unable to take

oral bisphosphonates; patients with prior bisphosphonate or

parathyroid hormone therapy were permitted entry after a

washout period. Patients were monitored for B5 years; the

median duration of follow-up was 1.9 years and 71.3% of

patients completed the study [22].

Zoledronic acid administered within 90 days after repair

of a low-trauma hip fracture was effective in reducing the

risk of new clinical fractures (i.e. fractures other than facial

and digital fractures and fractures of abnormal bone), with

a significant (p = 0.001) 35% reduction in risk with zole-

dronic acid relative to placebo at 2 years (primary end-

point; Table 1) [22]. Significant (p = 0.02) separation

between the Kaplan-Meier curves for the cumulative inci-

dence of clinical fractures in the zoledronic acid and pla-

cebo groups was seen after as early as 1 year of therapy

(post hoc analysis). The mean time to clinical fracture in

patients who had a fracture was 39.8 months with zole-

dronic acid and 36.4 months with placebo. The rates of

new clinical vertebral and new clinical nonvertebral frac-

tures were also significantly lower with zoledronic acid

than with placebo, but there was no significant between-

group difference for hip fractures (Table 1) [22].

Zoledronic acid significantly (p\ 0.001) improved

BMD at the total hip and femoral neck at 1, 2 and 3 years

in patients receiving treatment after repair of low-trauma

hip fracture (Table 2) [22]. The improvements in BMD at

the total hip and femoral neck at 1 and 2 years with zole-

dronic acid relative to placebo were consistent across a

broad range of subgroups (e.g. based on age, fracture his-

tory, time to first infusion) [37]. For example, for total hip

BMD, there were no significant treatment-by-subgroup

interactions for all subgroups, except for those based on

gender, BMI and baseline T-score [37]. Greater improve-

ments in total hip BMD at 1 year were seen in females

[37, 38], patients with BMI B22.6 kg/m2 and baseline

femoral neck BMD T-score of B-2.5 [37] (nominal

p\ 0.05 for interaction). There were no significant treat-

ment-by-subgroup interactions for total hip BMD in any

subgroup at 2 years [37, 38].

When patients were stratified based on the timing of first

infusion at 2-week intervals from surgical repair, with the

exception of the subgroup of patients who received the first

infusion B2 weeks after surgery, a consistent reduction in

the risk of overall clinical fractures (HRs of\1) was seen

at 2 years in all subgroups, regardless of the timing of

infusion (post hoc analysis) [39]. However, a statistically

significant (p\ 0.05) reduction in the risk of clinical

fractures was seen only in the largest group, i.e. patients

who received the first infusion 4–6 weeks after surgical

repair (24% of the population). For total hip BMD, a sig-

nificant (p\ 0.05) increase relative to placebo was seen in

all subgroups that received zoledronic acid[2 weeks (but

not in those who received treatment B2 weeks) after sur-

gical repair. By 2 years, all subgroups, regardless of the

timing of infusion, had significant (p\ 0.05) improvement

in total hip BMD with zoledronic acid relative to placebo

[39]. Based on these results, in the EU, it is recommended

that zoledronic acid be administered C2 weeks after hip

fracture repair (Sect. 5).

Some HR-QOL benefits were seen with zoledronic acid

in a secondary predefined exploratory analysis [40]. Sig-

nificantly (p\ 0.005) greater increases from baseline in

Euro QOL five dimensions questionnaire (EQ-5D) visual

analogue scale (VAS) scores were seen with zoledronic

acid relative to placebo at 2 years and at study end

(5 years), but not at 1 and 3 years [40]. EQ-5D utility

scores did not differ significantly between the zoledronic

acid and placebo groups at any timepoint [40].

3.3 In Japanese Patients with Primary Osteoporosis

The 2-year, randomized, double-blind, placebo-controlled,

multicentre, ZONE study assessed the efficacy of zole-

dronic acid in 665 male or female Japanese patients (aged

65–89 years) with primary osteoporosis (according to the

Japanese Society for Bone and Mineral Research criteria

[41]) and 1–4 vertebral fractures from the fourth thoracic to

the fourth lumbar vertebra [21]. Patients with prior bis-

phosphonate therapy within 2 years of the study were

excluded. As in the pivotal study HORIZON-PFT, zole-

dronic acid significantly (p\ 0.05) reduced the incidence

of new vertebral fractures (primary endpoint; Table 1),

nonvertebral fractures (Table 1), any clinical fractures

(Table 1) and clinical vertebral fractures (1.7 vs. 5.6%) at

2 years in Japanese patients with primary osteoporosis.

BMD at the total hip, femoral neck and lumbar spine was

also significantly (p\ 0.0001) improved with zoledronic

acid relative to placebo (Table 2). CTX levels in the
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zoledronic acid group decreased in the first week after both

the first and the second infusion and increased slightly

thereafter, but were significantly (p\ 0.0001) less than in

the placebo group throughout the study. BALP levels in the

zoledronic acid group decreased gradually over 3 months

and then remained generally stable and were significantly

(p\ 0.01) less than in the placebo group over the 2-year

period [21].

3.4 In Men with Primary or Secondary

Osteoporosis

A 2-year, randomized, double-blind, placebo-controlled,

multicentre study assessed the efficacy of zoledronic acid

in men (aged 50–85 years) with primary osteoporosis or

osteoporosis associated with low testosterone levels

(modified ITT n = 553 and 574 in the zoledronic acid and

placebo groups) [42]. Patients included were required to

have: a BMD T-score of B-1.5 at the total hip or femoral

neck and 1–3 vertebral fractures of mild or moderate grade;

men without fractures could be included if they had a BMD

T-score of B-2.5 at the total hip, femoral neck or lumbar

spine. Patients with prior osteoporotic therapies, including

bisphosphonates, could be included after a washout period.

Zoledronic acid was effective in reducing the risk of new

vertebral fractures in men with osteoporosis, as indicated

by significantly (p = 0.002) fewer patients in the zole-

dronic acid group than in the placebo group having new

morphometric vertebral fractures over 2 years (primary

endpoint; 1.6 vs. 4.9%; RR 0.33; 95% CI 0.16–0.70).

Zoledronic acid also significantly (p\ 0.05) reduced the

risk of new morphometric vertebral fractures at 1 year (0.9

vs. 2.8%; RR 0.32; 95% CI 0.12–0.88), new moderate-to-

severe morphometric vertebral fractures at 1 year (81%

reduction) and 2 years (63% reduction), and new or

worsening vertebral fractures at 2 years (59% reduction),

relative to placebo. BMD at the lumbar spine, total hip and

femoral neck was significantly (p\ 0.05) improved with

zoledronic acid relative to placebo over the 2-year study

period. In addition, height was reduced to a significantly

(p\ 0.01) lesser extent with zoledronic acid both at 1 year

(LS mean change from baseline -0.8 vs. -2.5 mm) and

2 years (-2.2 vs. -4.5 mm) [42].

Another 2-year, randomized, double-blind, multicentre

study compared the efficacy of zoledronic acid versus

alendronic acid 70 mg once weekly in men with primary

osteoporosis or osteoporosis associated with hypogonadism

(ITT n = 154 and 148 in the respective groups) [43]. The

study included patients (aged 25–85 years) with a BMD

T-score of -2 at the femoral neck and -1 at the lumbar

spine, or those with a score of -1 at the femoral neck and a

prior low-trauma vertebral or nonvertebral fracture or with

a radiographic vertebral fracture identified during

screening. All but three patients included were naı̈ve to

bisphosphonate treatment. Zoledronic acid was noninferior

to alendronic acid in increasing BMD at the lumbar spine

(primary endpoint; LS mean change from baseline 6.1 vs.

6.2%; baseline 0.85 g/cm2), total hip and femoral neck at

2 years. Superiority of zoledronic acid over alendronic acid

for BMD at these sites was not demonstrated in a subse-

quent analysis. While CTX, NTX, P1NP and BALP levels

decreased from baseline in both treatment groups over the

first 18 months, at most assessments, patients receiving

zoledronic acid had significantly (p\ 0.05) lower levels of

CTX, NTX and P1NP than patients receiving alendronic

acid; BALP levels were generally similar between the two

treatment groups. At study end, BTM levels did not differ

significantly between the two groups. Of the 275 patients

who completed a questionnaire, 59–75% of patients pre-

ferred zoledronic acid, found the drug more convenient and

satisfying, and were willing to take it over a long period

(versus 12–15% for alendronic acid; all p\ 0.0001) [43].

3.5 In Patients with Glucocorticoid-Induced

Osteoporosis

The 1-year, randomized, double-blind, multicentre HOR-

IZON study compared the efficacy of zoledronic acid

versus risedronic acid 5 mg/day for the treatment (ITT

n = 272 and 273 in the respective groups) and prevention

(n = 144 in each treatment group) of glucocorticoid-in-

duced osteoporosis (GIO) [44]. Patients (men or women

aged 18–85 years) included were required to be receiving

oral prednisolone C7.5 mg/day (or equivalent) and were

expected to continue glucocorticoid therapy for C1 year;

patients with prior bisphosphonate therapy were excluded

[44]. At 1 year, zoledronic acid was noninferior to rise-

dronic acid in terms of the increase from baseline in lumbar

spine BMD (primary endpoint) both in the treatment cohort

(LS mean change 4.1 vs. 2.7%) and the prevention cohort

(2.6 vs. 0.64%), with a subsequent superiority analysis

showing significant (p B 0.005) benefit with zoledronic

acid over risedronic acid in both cohorts (baseline BMD

0.90 and 0.96 g/cm2, respectively) [44]. Significant

(p B 0.0005) improvements in BMD with zoledronic acid

relative to risedronic acid were also seen at the trochanter

and total hip in both cohorts [44]. Zoledronic acid also

preserved or improved BMD to a greater extent than rise-

dronic acid in the subgroup of men, as indicated by sig-

nificantly (p\ 0.05) greater increases in BMD at the

lumbar spine and total hip at 1 year in the treatment and

prevention cohorts [45].

CTX and P1NP levels in both cohorts were reduced

from baseline in both treatment groups, with significantly

(p\ 0.05) greater reductions seen with zoledronic acid

than with risedronic acid at all timepoints from 9–11 days
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onwards, with the exception of P1NP levels in the pre-

vention cohort at the 9–11 day assessment [44]. It has been

suggested that the faster and greater inhibition of bone

resorption with zoledronic acid may help in preventing

GIO, as a glucocorticoid therapy-associated decrease in

BMD and resulting increase in the risk of fracture may

occur soon after initiation of glucocorticoid therapy.

HR-QOL (assessed by the EQ-5D VAS and utility scores)

was generally similar between the two groups over the

1-year study period [44].

3.6 In Postmenopausal Women with Low Bone

Mass

A 2-year, randomized, double-blind, placebo-controlled,

multicentre study assessed the efficacy of zoledronic acid

in postmenopausal women (aged C45 years) with low

bone mass. Women with a BMD T-score of\-1 and[-

2.5 at the lumbar spine and a BMD T-score of[-2.5 at

the femoral neck were included [46]. Patients received

zoledronic acid at randomization and at 1 year (i.e. two

infusions of zoledronic acid; ITT n = 198), zoledronic

acid at randomization and placebo at 1 year (i.e. one

infusion of zoledronic acid; n = 181) or placebo at ran-

domization and 1 year (n = 202). Once-yearly zoledronic

acid or a single dose of the agent prevented bone loss at

the lumbar spine and proximal femur sites in post-

menopausal women with low bone mass. At 2 years,

significant (p\ 0.001) improvements from baseline in

lumbar spine BMD were seen in patients receiving two

infusions or one infusion of zoledronic acid relative to

placebo (LS mean change 5.18 and 4.42 vs. -1.32%;

BMD at baseline 0.86 g/cm2). Significant (p\ 0.001)

increases in BMD were also seen at 1 year at the lumbar

spine and at 1 and 2 years at proximal femoral sites (total

hip, trochanter and femoral neck). CTX, P1NP and BALP

levels were significantly (p\ 0.001) reduced with both

regimens of zoledronic acid relative to placebo at all

timepoints during the study [46].

4 Tolerability of Zoledronic Acid

Zoledronic acid was generally well tolerated in clinical

studies in patients with primary or secondary osteoporosis

or low bone mass (Sect. 3), with the most common AEs

being mild-to-moderate post-infusion symptoms, which

generally resolved within 3 days and decreased with sub-

sequent infusions. Discussion in this section is based lar-

gely on the two large, placebo-controlled studies,

HORIZON-PFT and HORIZON-RFT, and supplemented

with relevant data from other studies and the US [8] and

EU [9] prescribing information.

In HORIZON-PFT in women with postmenopausal

osteoporosis, significantly more patients in the zoledronic

acid group than in the placebo group experienced AEs over

3 years’ treatment (95.5 vs. 93.9%; p = 0.002), largely

because of post-infusion symptoms occurring most fre-

quently after the first infusion (incidence of the five most

common symptoms was 31.6 vs. 6.2% with placebo)

compared with subsequent infusions (6.6 vs. 2.1% with

placebo after the second infusion and 2.8 vs. 1.1% after the

third infusion) (all p\ 0.001 vs. placebo) [23]. The most

common post-infusion symptoms were pyrexia (16.1 vs.

2.1%), myalgia (9.5 vs. 1.7%), influenza-like symptoms

(7.8 vs. 1.6%), headache (7.1 vs. 2.3%) and arthralgia (6.3

vs. 2.0%) (all p\ 0.001) [23]. A subsequent analysis of

HORIZON-PFT found that post-infusion symptoms asso-

ciated with zoledronic acid included[30 AEs, which were

grouped into five clusters for convenience: fever, muscu-

loskeletal events (e.g. pain, stiffness), gastrointestinal (GI)

events (e.g. nausea, vomiting, diarrhoea), eye inflammation

and general events (e.g. influenza-like symptoms, head-

ache, fatigue) (all p\ 0.05 vs. placebo) [47]. In this

analysis, after the first infusion, the overall incidence of

post-infusion symptoms was almost four times higher with

zoledronic acid than with placebo (42.4 vs. 11.7%;

p\ 0.0001), with most (90%) AEs being of mild or

moderate severity [47]. The peak onset of post-infusion

symptoms was within 1 day of dose administration and the

median duration of symptoms was 3 days [47]. Non-Ja-

panese Asians and Pacific Islanders, younger patients and

those taking NSAIDs were at significantly higher risk of

post-infusion symptoms, while Latin Americans, patients

with prior bisphosphonate therapy or calcitonin therapy,

smokers and patients with diabetes were at significantly

lower risk (all p\ 0.05) [47].

In HORIZON-RFT in patients with low-trauma hip

fracture, AEs occurred in 82.3% of patients in the zole-

dronic acid group and 80.6% of patients in the placebo

group over 3 years’ treatment, with the most common post-

infusion symptoms being pyrexia (6.9 vs. 0.9%;

p\ 0.001), myalgia (3.1 vs. 0.9%; p\ 0.001), arthralgia

(3.1 vs. 2.2%), headache (1.5 vs. 0.9%) and influenza-like

symptoms (0.6 vs. 0.3%) [22]. Overall, the incidence of

post-infusion symptoms was lower in HORIZON-RFT than

in HORIZON-PFT, which was thought to be because of

standard oral paracetamol (acetaminophen) provided at the

time of infusion and, as needed, over the next 72 h in

patients without a contraindication for paracetamol [8, 22].

Indeed, a randomized double-blind multicentre study in

postmenopausal osteopenic women showed that signifi-

cantly (p\ 0.0001) fewer patients receiving zoledronic

acid plus ibuprofen (ITT n = 137) or zoledronic acid plus

paracetamol (n = 135) had increased oral temperature

(C1 �C above 37.5 �C) within 3 days of the infusion
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compared with patients receiving zoledronic acid plus

placebo (n = 137) (36.8 and 37.3 vs. 63.5%); in the pla-

cebo plus placebo group (n = 72), 11.1% of patients had

increased oral temperature [48].

In HORIZON-PFT and HORZON-RFT, there were no

significant differences between the zoledronic acid and

placebo groups for the incidence of serious AEs (29.2 vs.

30.1% [23]; 38.3 vs. 41.2% [22]) and the rate of discon-

tinuation of follow-up due to AEs (2.1 vs. 1.8% [23]; 2.0

vs. 1.7% [22]). The incidence of death in the zoledronic

acid and placebo groups in HORIZON-PFT was 3.4 and

2.9% [23], and in HORIZON-RFT was 9.6 and 13.3%

[p\ 0.01; 1.0 vs. 1.7% because of cardiovascular disease

(CV) and 0.7 vs. 0.7% because of cerebrovascular disease]

[22].

4.1 Other Adverse Events

Renal impairment (i.e. increased levels of serum crea-

tinine) and rare cases of acute renal failure have been

reported in patients receiving intravenous bisphosphonates

[8]. In HORIZON-PFT, renal safety of zoledronic acid was

assessed in a subgroup of 5035 patients 9–11 days after the

infusion [23]. In these patients, a transient increase from

baseline of[0.5 mg/dL in serum creatinine levels was seen

in significantly more patients in the zoledronic acid group

than in the placebo group (1.2 vs. 0.4%; p = 0.001), with

levels returning to B0.5 mg/dL of preinfusion levels in

[85% of patients within 30 days, and in the remaining

patients by the next infusion [23]. Longer-term (3 years)

assessment of renal safety in the total safety population

(n = 7714) found that these transient, short-term increases

in serum creatinine levels with zoledronic acid, particularly

in patients with an estimated CLCR of 30–35 mL/min, were

not associated with long-term deterioration of renal func-

tion [49]. In HORIZON-RFT, there was no significant

difference between the zoledronic acid and placebo groups

for the proportion of patients with a[0.5 mg/dL increase

in serum creatinine levels (6.2 vs. 5.6%) [22]. Zoledronic

acid has been associated with acute renal impairment and,

rarely, with renal failure requiring dialysis or with fatal

outcomes, particularly in patients with pre-existing renal

dysfunction or other risk factors (e.g. advanced age, con-

comitant use of nephrotoxic drugs or diuretics). Therefore,

caution is advised when using zoledronic acid in patients

with chronic renal impairment [8] or moderate renal

impairment [21] and its use is contraindicated in patients

with severe renal impairment (CLCR\35 mL/min) [8–10],

acute renal failure [8] or in dehydrated patients (due to a

risk of acute renal failure) [10].

Serious atrial fibrillation was reported in significantly

more patients in the zoledronic acid group than in the

placebo group in HORIZON-PFT (1.3 vs. 0.5%;

p\ 0.001), but there were no significant between-group

differences for any atrial fibrillation event (2.4 vs. 1.9%),

stroke (2.3 vs. 2.3%), death from stroke (0.5 vs. 0.3%),

myocardial infarction (1.0 vs. 1.2%) or death from CV

causes (1.0 vs. 0.9%) [23]. In HORIZON-RFT, CV AEs

occurred in \5% of patients in the zoledronic acid and

placebo groups, with no significant between-group differ-

ences for any of the events [22]. A subsequent US FDA

review of safety data on the risk of serious atrial fibrillation

with bisphosphonates did not find a clear association

between the use of these agents and the rate of serious or

any atrial fibrillation [50].

The use of bisphosphonates, including zoledronic acid,

has been associated with osteonecrosis of the jaw (ONJ),

with most cases occurring in cancer patients undergoing

dental procedures during bisphosphonate therapy [8]. In

HORIZON-PFT, there was one case each of potential ONJ

in the zoledronic acid and placebo groups [23] and no

reports in either group in HORIZON-RFT [22]. Pooled

data from five clinical trials [22, 23, 43, 44, 46] showed

that ONJ occurred very rarely (\1 in 14,200 patient-

treatment years) in patients with primary or secondary

osteoporosis who had received zoledronic acid therapy

[51]. It is recommended that a routine oral exam and any

appropriate preventative dentistry be performed prior to

initiating treatment with zoledronic acid [8, 9]. There have

been reports of atypical, low energy or low-trauma frac-

tures of the femoral shaft in patients receiving bisphos-

phonates, usually during long-term therapy for

osteoporosis [8, 9]; however, causality has not been

established [8]. Signs and symptoms of fracture should be

assessed and interruption of zoledronic acid therapy should

be considered in any patient presenting with an atypical

femur fracture, pending an evaluation of the patient [8, 9].

Transient and asymptomatic hypocalcaemia (serum

levels of \2.075 mmol/L) was reported in 49 zoledronic

acid and one placebo recipient(s) 9–11 days after the first

infusion in HORIZON-PFT [23]. There were three reports

of hypocalcaemia in patients receiving zoledronic acid and

none in patients receiving placebo in HORIZON-RFT, with

the overall low incidence in this study probably because of

a vitamin D loading dose administered to the majority of

patients [22]. It is recommended that pre-existing

hypocalcaemia and disturbances of mineral metabolism be

treated prior to initiating zoledronic acid therapy, and

calcium and mineral levels in these patients monitored

during therapy. Adequate calcium and vitamin D should be

taken during zoledronic acid treatment; zoledronic acid is

contraindicated in patients with hypocalcaemia [8–10].

Zoledronic acid should not be used [8] or is con-

traindicated [9] in pregnant women (as reproductive toxi-

cological effects were seen in animals) or in breast-feeding

women (as not known if secreted in milk) [8, 9].
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4.2 In Japanese Patients

The tolerability profile of zoledronic acid in the ZONE

study [21] in Japanese patients with primary osteoporosis

was generally similar to that seen in the pivotal studies,

HORIZON-PFT and HORIZON- RFT. In ZONE, the

overall incidence of AEs at 2 years did not differ sig-

nificantly between the zoledronic acid and placebo

groups (94.6 vs. 92.2%) [21]. However, the incidence of

treatment-related AEs was significantly higher in the

zoledronic acid group than in the placebo group (59.2 vs.

12%; p\ 0.0001), largely because of post-infusion

symptoms, of which the most common (incidence[5%)

were pyrexia (39.3 vs. 3.3%), arthralgia (16.2 vs. 7.2%),

myalgia (10.8 vs. 1.8%), malaise (9.0 vs. 3.0%), head-

ache (7.5 vs. 3.9%) and influenza-like illness (6.9 vs.

0%). Most post-infusion symptoms resolved within

3 days of the infusion. The incidence of serious AEs was

17.4% in the zoledronic acid group and 13.3% in the

placebo group, with one serious treatment-related AE

reported in each group (pneumonia and atrial fibrillation,

respectively). There were no reports of ONJ or atypical

femoral fractures in either group and there was no men-

tion of treatment-related acute kidney failure events in

the study [21].

4.3 Versus Active Comparators

The tolerability profile of intravenous zoledronic acid was

generally similar to that of the oral bisphosphonates alen-

dronic acid [32, 43] and risedronic acid [44], with the

exception of a higher incidence of AEs within 3 days of

treatment. This is largely because of post-infusion symp-

toms with zoledronic acid relative to alendronic acid (e.g.

myalgia, pyrexia and arthralgia; all p\ 0.0001) [43] and

risedronic acid (e.g. pyrexia, influenza-like illness and

vomiting; all p\ 0.05) [44] in bisphosphonate-naı̈ve

patients. Post-infusion symptoms were also more frequent

with subcutaneous teriparatide plus zoledronic acid and

zoledronic acid alone compared with teriparatide alone,

resulting in more than twofold higher AE rates within

3 days of the zoledronic acid infusion (68.6, 58.4 and

27.0%, respectively); AE rates after 3 days were 84.7, 87.6

and 84.7% [36]. Compared with subcutaneous denosumab,

while the overall incidence of AEs with intravenous zole-

dronic acid was similar to that with denosumab (62.2% in

each group), significantly more patients in the zoledronic

acid group than in the denosumab group had muscu-

loskeletal pain (19.7 vs. 13.4%; p\ 0.05) [33] and at least

twice as many patients in the denosumab as in the zole-

dronic acid group had AEs potentially related to hyper-

sensitivity (3.8 vs. 1.9%), cardiac disorders (3.4 vs. 1.3%)

and eczema (1.6 vs. 0.3%). The incidence of infections was

20.9% in the denosumab group and 16.9% in the zole-

dronic acid group [33].

5 Dosage and Administration of Zoledronic Acid

In the USA, intravenous zoledronic acid is indicated for the

treatment and prevention of postmenopausal osteoporosis

and GIO, and as treatment for increasing bone mass in men

with osteoporosis [8]. In the EU, zoledronic acid is indi-

cated for the treatment of osteoporosis in men and post-

menopausal women at increased risk of fracture (including

recent low-trauma hip fracture) and for the treatment of

osteoporosis associated with long-term systemic gluco-

corticoid therapy in men and postmenopausal women at

increased risk of fracture [9]. In Japan, zoledronic acid is

indicated for the treatment of osteoporosis (as defined by

the diagnostic criteria of the Japanese Society for Bone and

Mineral Research [52]) [10].

The recommended dosage of zoledronic acid for the

treatment of postmenopausal osteoporosis, treatment of

osteoporosis in men and the treatment and prevention of

GIO in the USA and EU, and for the treatment of osteo-

porosis in Japan, is a 5 mg infusion administered once

yearly, intravenously over C15 min [8–10]. In the USA,

the recommended dosage for the prevention of osteoporosis

in postmenopausal women is a 5 mg infusion administered

once every 2 years intravenously over C15 min [8]. In the

EU, it is recommended that in patients with low-trauma hip

fracture, zoledronic acid infusion be given C2 weeks after

hip fracture repair and a loading dose of oral or intra-

muscular vitamin D be administered prior to the first

infusion [9]. The need for continued therapy should be re-

evaluated periodically, and in patients at low fracture risk,

treatment discontinuation should be considered after

3–5 years’ [8] or C5 years’ [9] therapy. Patients receiving

zoledronic acid should also take supplemental calcium if

their dietary intake is inadequate; paracetamol taken after a

zoledronic acid infusion may reduce the incidence of post-

infusion symptoms (Sect. 4) [8, 9]. There are several

contraindications to the use of zoledronic acid (see Sect.

4.1).

Local prescribing information should be consulted for

further information, including dosage and administration

details, contraindications, warnings and precautions.

6 Place of Zoledronic Acid in the Management
of Osteoporosis

The aim of osteoporosis therapy is to reduce the risk of

fracture and associated morbidity and mortality by pre-

scribing treatment to at-risk patients and ensuring
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adherence to the treatment plan [7, 53]. Management

strategies include nonpharmacological options (e.g. ade-

quate intake of calcium and vitamin D, engaging in regular

weight-bearing and muscle-strengthening exercises,

implementation of fall-prevention strategies) and pharma-

cological options (e.g. antiresorptive and anabolic agents),

with treatment individualized according to patients’ needs

and preferences [3, 4]. While basic bone health using

nonpharmacological options is recommended for all indi-

viduals, pharmacotherapy is initiated based on a patient’s

fracture risk, categorized on the basis of established clini-

cal risk factors such as age, sex, previous fragility fracture

and glucocorticoid therapy, with or without assessment of

BMD [4, 7, 54, 55]. Although the exact guidance for

identifying patients requiring pharmacotherapy varies

between international guidelines, in general, treatment is

recommended for individuals with a prior fragility fracture,

in patients at high fracture risk (as assessed by risk cal-

culators such as FRAX�) [3, 4, 54], and in those with a

femoral neck, total hip or lumbar spine T-score of B-2.5

[54].

Various therapeutic options are available for the treat-

ment of osteoporosis, with the choice of therapy deter-

mined by antifracture efficacy at skeletal sites, adverse

events and cost considerations [3]. Bisphosphonates are

generally first-choice options for the treatment of osteo-

porosis [3–7], with zoledronic acid recommended by sev-

eral guidelines either as a first-line bisphosphonate [3–5] or

as an option if other bisphosphonates (often generic alen-

dronic acid because of its low cost) are contraindicated or

not tolerated by patients with postmenopausal osteoporosis

[3, 4] or GIO [3, 5], or men with osteoporosis [3, 4].

Zoledronic acid is approved in several countries worldwide

(including in the USA, EU and Japan) for the treatment of

patients with primary or secondary osteoporosis and for the

prevention of osteoporosis in patients with low bone mass

(indication varies between countries; see Sect. 5).

Zoledronic acid is a highly potent, intravenous amino-

bisphosphonate, with high binding affinity for mineralized

bone and the FPPS active site, which is thought to account

for its long half-life in bone (Sect. 2.2) and its long duration

of action (Sect. 3), allowing for once-yearly administration

(Sect. 5). Annual and intravenous administration of zole-

dronic acid circumvents some of the issues associated with

oral bisphosphonates, such as low bioavailability, compli-

cated and more frequent dosing regimens (daily to

monthly) and potential GI irritation and mucosal ulceration

[56], which may contribute to poor adherence [56, 57].

In clinical studies of B3 years’ duration, intravenous

zoledronic acid once yearly improved BMD at several

skeletal sites, reduced fracture risk and bone turnover, and/

or preserved bone structure and mass in patients with pri-

mary or secondary osteoporosis (Sect. 3). During continued

therapy in the extensions of one of the pivotal studies

(HORIZON-PFT), additional benefits were seen with 6

versus 3 years’ treatment with zoledronic acid, as evi-

denced by a reduced risk of vertebral fractures and a higher

BMD. However, no meaningful differences in BMD and

BTM levels were seen in patients receiving treatment for 9

versus 6 years (Sect. 3.1.1), suggesting residual benefits

after treatment discontinuation and minimal advantage of

treatment beyond 6 years [25], and the potential to dis-

continue therapy in patients at low fracture risk (Sect. 5).

Zoledronic acid administered annually or once in 2 years

was also effective in preventing bone loss (as assessed by

BMD and BTM levels) in patients with low bone mass

(Sect. 3.6). Zoledronic acid was generally well tolerated in

these studies, with the most common AEs being mild-to-

moderate post-infusion symptoms (Sect. 4), probably

because of proinflammatory cytokines released by acti-

vated cd-T cells (Sect. 2.1).

Because of its intravenous route of administration,

zoledronic acid is expected to be associated with fewer GI

AEs than oral bisphosphonate. However, a recent large,

network meta-analysis (n = 44,270) found a higher prob-

ability of GI AEs with zoledronic acid than with oral bis-

phosphonates, largely because of a higher incidence of

nausea [58]. Since this analysis was limited by its indirect

nature, heterogeneity among the studies and as nausea was

only assessed in a limited number of small studies with oral

bisphosphonates [58], further direct, head-to-head com-

parative studies are needed to confirm this observation

[58]. In addition, few studies have compared the efficacy of

zoledronic acid with that of other osteoporotic agents (Sect.

3), none of which were designed to compare their

antifracture efficacy; additional comparative studies

assessing this outcome would be helpful.

Adherence to treatment with bisphosphonates is asso-

ciated with reduced fracture rates in patients with osteo-

porosis [59] and because of its once-yearly dosing regimen,

zoledronic acid has the potential to improve adherence

relative to more frequently administered bisphosphonates.

However, few real-world studies have assessed adherence

to zoledronic acid in patients with osteoporosis. The largest

of these studies (n = 1621), based on US Medicare data

from 2005 to 2009, found that although adherence to

zoledronic acid once yearly was significantly higher than

with intravenous ibandronic acid every 3 months (82 vs.

approximately 60%; p\ 0.0001), approximately 30% of

patients receiving zoledronic acid did not receive a second

infusion [60]. Older patients (C85 vs. 65–69 years) and

those with no osteoporosis therapy in the preceding year

(relative to recent therapy) were more likely to be nonad-

herent, while patients receiving the first infusion at an

internist’s, rheumatologist’s or endocrinologist’s office

(relative to the outpatient setting) were more likely to be
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adherent to zoledronic acid [60]. Additional large studies

are needed to assess the impact of the once-yearly dosing

regimen on adherence to osteoporosis therapy.

To conclude, zoledronic acid 5 mg once yearly is an

effective and generally well tolerated treatment option for

patients with osteoporosis, which has the potential to

improve adherence in some patients.

Data selection sources: Relevant medical literature (including

published and unpublished data) on zoledronic acid was identified

by searching databases including MEDLINE (from 1946),

PubMed (from 1946) and EMBASE (from 1996) [searches last

updated 4 November 2016], bibliographies from published liter-

ature, clinical trial registries/databases and websites. Additional

information was also requested from the company developing the

drug.

Search terms: Zoledronic acid, Aclasta�, Reclast�, osteoporosis.
Study selection: Studies in patients with primary or secondary

osteoporosis or low bone mass who received zoledronic acid.

When available, large, well designed, comparative trials with

appropriate statistical methodology were preferred. Relevant

pharmacodynamic and pharmacokinetic data are also included.
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