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Zoledronic acid has received international approval for the treatment of bone metastases 
and bone lesions from cancer. Phase III studies established the efficacy and safety profile of 
zoledronic acid in a broad range of tumor types. A direct comparison study with 
pamidronate demonstrated that zoledronic acid had a similar safety profile and provided 
superior clinical benefits in patients with breast cancer. Exploratory analyses of the large 
Phase III databases have demonstrated a survival benefit in patients with breast or lung 
cancer who achieved normalization of their biochemical marker of bone resorption, 
N-terminal telopeptide of Type I collagen, within 3 months of zoledronic acid therapy. 
Ongoing studies are evaluating zoledronic acid for the prevention of accelerated bone loss 
associated with aromatase inhibitors in patients with breast cancer and for the prevention 
of new bone metastases.
Bone metastases are associated with considerable
skeletal morbidity in patients with cancer. In fact,
up to 75% of patients with prostate or breast can-
cer may develop skeletal complications [1]. Typi-
cally, the first symptom is bone pain, and acute
pain episodes despite analgesia can occur in these
patients [2]. Advanced disease is also associated
with pathologic fractures, spinal cord compression
or vertebral collapse, required palliative radiother-
apy, necessary surgery to bone and hypercalcemia
of malignancy, collectively known as skeletal-
related events (SREs) [1]. Each of these SREs may
decrease patients’ quality of life (QoL) and reduce
the ability to function independently [3,4]. Moreo-
ver, among patients with prostate or breast can-
cer, pathologic fractures are associated with a
23–32% increased risk of mortality [5].

Bisphosphonates have provided oncologists
with an important tool for the prevention of
skeletal morbidity from bone metastases in
patients with cancer. The rationale for bisphos-
phonate therapy stems from the observation
that bone metastases are associated with dra-
matic increases in bone metabolism [1]. For
example, the biochemical markers of bone
resorption are typically increased [6]. Moreover,
elevated levels of particular markers of bone
resorption may be associated with the presence
of bone metastases [6]. Bisphosphonates prefer-
entially bind to bone surfaces undergoing active
remodeling and inhibit bone resorption [7]. First-
generation bisphosphonates, such as etidronate,
produced encouraging clinical results but had to
be administered at relatively high doses [7]. Later

generations of bisphosphonates, including
zoledronic acid, have improved potency and
clinical efficacy [7].

Zoledronic acid is the only bisphosphonate to
receive international approval for the treatment
of bone metastases independent of the primary
tumor type and bone lesions from multiple
myeloma [8,9]. Pamidronate is internationally
approved for the treatment of primary bone
lesions from multiple myeloma or bone metas-
tases secondary to breast cancer [10]. Oral clodr-
onate is also approved in Europe for the
treatment of primary bone lesions from multi-
ple myeloma or bone metastases secondary to
breast cancer [11]. Additionally, oral and intrave-
nous ibandronate are approved in Europe for
the treatment of bone metastases secondary to
breast cancer [12].

A literature review of PubMed using the key
words: bisphosphonates, bone markers, bone
metastases, bone mineral density, breast cancer,
osteonecrosis of the jaw, pharmacokinetics, phar-
macodynamics, prostate cancer, renal cell carci-
noma (RCC), renal function, skeletal morbidity
and/or zoledronic acid was used for reference
information. In addition, recent oncology con-
gresses with online searchable databases were
used for abstract information as well as the US
government clinical trials database.

Pharmacology of zoledronic acid
All bisphosphonates have a core moiety that
resembles inorganic pyrophosphate, with differ-
ent R2 side chains. There are two classes of
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bisphosphonates that have different mechanisms
of action based on the side-chain atoms: non-
nitrogen containing and nitrogen containing [13].
Nitrogen-containing bisphosphonates (NCBs)
accumulate in the bone matrix, are released
during bone resorption, and are then internal-
ized by osteoclasts [13]. After osteoclast internal-
ization, they inhibit farnesyl pyrophosphate
synthase in the mevalonate pathway and result
in inhibition of protein prenylation [13]. This
inhibition interferes with cellular mechanisms
that require prenylated proteins for activity,
such as signaling molecules involved in the reg-
ulation of cellular proliferation, survival and
cytoskeletal organization [13]. For example,
inhibition of Ras, which requires prenylation,
results in intracellular vesicle transport defects,
and osteoclasts are not able to form the tight-
sealing zones or the ruffled borders that are
required for bone resorption [13]. NCBs may also
induce the production of an ATP analogue (tri-
phosphoric acid 1-adenosin–5´-yl ester 3-
[3-methylbut-3-enyl] ester) that may directly
induce apoptosis [13]. Bisphosphonate side-chain
structures may also determine relative potency
and possibly safety profiles of the individual
agents [14]. Zoledronic acid contains two nitro-
gen atoms as part of its heterocyclic imidazole
R2 side chain (Figure 1) [15].

Among patients with cancer and bone metas-
tases in a Phase I study (n = 36), zoledronic
acid exhibited a multicompartmental model of
distribution, with a prolonged decline in
plasma concentration in the terminal phase [14].
Peak systemic concentrations declined rapidly,
and less than 1% of the maximum plasma con-
centration was detectable at 24 h post dose.

However, low concentrations were observed for
up to 7 days after the zoledronic acid 4-mg dose
and up to 29 days following the 8- and 16-mg
doses. Presumably, the slow terminal decline of
plasma levels is from a deep tissue-binding
compartment, such as bone tissue. Dose pro-
portionality was observed from 4 to 16 mg of
zoledronic acid [14]. Within 24 h of zoledronic
acid administration (via 15-min infusion),
37–41% of the dose was excreted as unchanged
drug. Zoledronic acid was detectable in urine
for up to 28 days after the 8- and 16-mg doses,
but the cumulative excretion beyond 24 h was
negligible. Urinary excretion was independent
of dose and infusion time. However, estimated
baseline creatinine clearance (CrCL) levels indi-
cated that renal impairment was prevalent in
the study population (median, 82 ml/min)
compared with a similar healthy population.
After three consecutive monthly doses of
zoledronic acid, pharmacokinetic parameters
such as AUC ratios were unchanged. Urinary
excretion was also independent of the number
of zoledronic acid doses, with an average of 41,
42 and 41% of the dose excreted after the first,
second and third doses, respectively. Renal
function was also stable over the 3 months of
treatment; the average CrCL was 81 and
82 ml/min after the second and third doses,
respectively. In a separate study among patients
with bone metastases from cancer and varying
degrees of renal function, zoledronic acid exhib-
ited similar pharmacokinetics between patients
with normal renal function and those with
mildly or moderately impaired renal function
[16]. The estimated differences in maximum
zoledronic acid concentration ranged from
11–15% in the mildly impaired group and
0–17% in the moderately impaired group rela-
tive to the normal group. However, the differ-
ences did not reach statistical significance.
Furthermore, plasma accumulation of zoledronic
acid did not occur after repeated doses. Urinary
excretion also remained consistent in the three
groups after repeated doses.

Pharmacodynamic assessments of biochemi-
cal markers of bone resorption have demon-
strated that zoledronic acid produces dramatic
and sustained suppression of bone resorption
marker levels. In a Phase I study of patients
with bone metastases from a broad range of
tumor types, all levels of bone resorption mark-
ers, except for bone-specific alkaline phos-
phatase, showed significant declines from
baseline in serum and/or creatinine-corrected

Figure 1. Zoledronic acid.
 

Reproduced with permission from  [15]. 
Copyright © Novartis Pharmaceuticals Corp., 
2003.
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urinary levels after the administration of intra-
venous zoledronic acid 4, 8 or 16 mg
(p < 0.002) [14]. The maximal decline for serum
C-terminal telopeptide of Type I collagen was
observed at the first evaluation at 24 h and at
day 8 for the other bone resorption markers.
Thereafter, no significant differences in bone
resorption levels were observed through the last
evaluation at day 29. Urinary C-terminal tel-
opeptide of Type I collagen and N-terminal tel-
opeptide of Type I collagen (NTX) declined 74
and 69%, respectively. There was no dose
response between the bone resorption marker
levels and zoledronic acid at 4, 8 or 16 mg, sug-
gesting that maximal effect was achieved with
zoledronic acid 4 mg. In a similar Phase I study
of zoledronic acid that included 1- and 2-mg
doses, zoledronic acid 1 mg decreased urinary
NTX and deoxypyridinoline maximally at
1 week but subsequent levels increased from 2
to 8 weeks [17]. Zoledronic acid 2 mg produced
similar results to those of the 4-mg dose,
whereby bone resorption marker levels
remained maximally decreased versus baseline
from weeks 1–8. These data suggest that a
dose–response relationship may exist between
bone resorption marker levels and zoledronic
acid at doses less than 2 mg. In another similar
Phase I study in patients with osteolytic bone
metastases, zoledronic acid doses of 0.1–1.5 mg
demonstrated a dose–response relationship with
the extent and duration of urinary bone resorp-
tion marker levels [18]. Therefore, zoledronic
acid doses over 2 mg should provide maximum
effect on bone metabolism in patients with
bone lesions from cancer.

Efficacy & safety of zoledronic acid in 
placebo-controlled trials
The efficacy and safety profile of zoledronic
acid was established in four large, Phase III,
randomized trials in patients with bone lesions
from a broad range of tumor types and encom-
passed more than 3200 patients [19–22]. Except
for the placebo-controlled study in patients
with breast cancer and osteolytic bone lesions,
patients with all types of bone lesions such as
osteolytic, sclerotic and mixed lesions, were eli-
gible for study entry. The primary SRE end
point in each of these four trials excluded
hypercalcemia of malignancy (HCM) as a SRE
as required by regulatory authorities. Because
HCM is a serious and potentially life-threaten-
ing condition that is a common skeletal mor-
bidity among patients with bone metastases

from cancer [1], the analyses reported herein
included HCM as a SRE. However, specific
mentions are made where the results are differ-
ent from the analyses that excluded HCM. One
trial was a direct comparison with pamidronate
90 mg, and the results are presented in the fol-
lowing section. Three of the trials were placebo
controlled, and detailed efficacy and safety
results are also presented in this section. Two of
the zoledronic acid placebo-controlled trials
and the comparison trial between zoledronic
acid and pamidronate were originally designed
with a 5-min infusion rate, and zoledronic acid
was dosed at 4 and 8 mg. After increasing
serum creatinine levels were noted, the infusion
rate was increased to 15 min, and the
zoledronic acid 8-mg dose was reduced to 4 mg
during the trial to ensure the renal safety of all
patients receiving treatment. Zoledronic acid
8 mg is not an approved dose; therefore, only
the 4-mg results are presented herein.

Breast cancer
This was a multicenter, double-blind study in
which Japanese women with bone metastases
from breast cancer (n = 228) were evenly rand-
omized to receive either zoledronic acid 4 mg
or placebo via a 15-min infusion every 4 weeks
for up to 1 year [19]. The primary end point was
the SRE rate (total number of SREs divided by
total years on study) among patients in the
zoledronic acid group divided by the SRE rate
among patients in the placebo group. SREs
were defined as pathologic fracture, spinal cord
compression, surgery or radiotherapy to bone,
and HCM. Secondary end points included the
proportion of patients who experienced a SRE,
time to first SRE, and change from baseline
Brief Pain Inventory (BPI) composite scores
and bone resorption marker levels. Multiple
event analysis using the Andersen–Gill method-
ology was performed for the risk of developing
a SRE.

Patient demographics and baseline disease
characteristics were well balanced between the
treatment groups, and 67% of the zoledronic
acid group and 64% of the placebo group com-
pleted the study. Approximately 66% of the
patients in each treatment group had an East-
ern Cooperative Oncology Group (ECOG)
performance status of zero and a median age of
53 years. The SRE rate was 0.63 events per year
in the zoledronic acid group compared with
1.10 events per year in the placebo group
(p = 0.016). Zoledronic acid also significantly
243www.futuremedicine.com
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Table 1. Summary o

Breast cancer 
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Time to first SRE, media
Skeletal morbidity rate, 

Breast cancer & multip

Patients with ≥ 1 SRE (%
Time to first SRE, media
Skeletal morbidity rate, 

Prostate cancer

Patients with ≥ 1 SRE (%
Median time to first SRE
Skeletal morbidity rate, 

Lung cancer & other s

Patients with ≥ 1 SRE (%
Median time to first SRE
Skeletal morbidity rate, 

Renal cancer 

Patients with ≥ 1 SRE (%
Median time to first SRE
Skeletal morbidity rate, 
*All data includes hypercal
 ‡Permutation test. 
§This is the only study that
NR: Not reached; SRE: Skel
reduced the percentage of patients with a SRE
(p = 0.001) and increased the median time to
first SRE (p = 0.004) compared with placebo
(Table 1) [19,23–26]. By multiple event analysis,
zoledronic acid significantly reduced the risk of
SREs by 44% compared with placebo
(p = 0.009; Figure 2) [19,23–26]. Furthermore,
zoledronic acid significantly reduced baseline
pain scores from 4 weeks until study end
(week 52; p < 0.05; Figure 3) [19]. Zoledronic
acid was well tolerated in this patient popula-
tion, with no evidence of decreased renal func-
tion. Pyrexia, fatigue, abdominal pain and
hypocalcemia were reported more frequently in
the zoledronic acid group, and bone pain was
reported more frequently in the placebo group.

Prostate cancer
This was a double-blind study in which
patients with bone metastases from prostate
cancer (n = 643) were randomized to receive
either zoledronic acid 4 mg (n = 214) or 8 mg
(n = 221) or placebo (n = 208) via a 15-min
infusion every 3 weeks for up to 2 years [22,24].
The primary end point was the proportion of
patients with an on-study SRE. SREs were
defined as pathologic fracture, spinal cord

compression, surgery or radiotherapy to bone,
and changes in antineoplastic therapy for bone
pain. Secondary end points included the time
to first SRE, skeletal morbidity rate ([SMR]:
annual incidence of SREs/person), and change
from baseline BPI composite scores and bone
resorption marker levels. Multiple event analy-
sis using the Andersen–Gill methodology was
performed for the risk of developing a SRE.

Patient demographics and baseline disease char-
acteristics were well balanced between the treat-
ment groups, and 49 patients of the zoledronic
acid group and 36 patients of the placebo group
completed 24 months of the study [24]. Approxi-
mately 92% of the patients in each treatment
group had an ECOG performance status of 0 or
1 and a median age of 73 years [22]. Zoledronic
acid significantly reduced the percentage of
patients with a SRE (p = 0.028), increased the
median time to first SRE (p = 0.009), and
reduced the mean SMR (p = 0.005) compared
with placebo (Table 1) [19,23–26]. By multiple event
analysis, zoledronic acid significantly reduced
the risk of SREs compared with placebo
(p = 0.002; Figure 2) [19,23–26]. Analyses for
treatment efficacy from months 16 to 24 only
demonstrated that zoledronic acid continued

f zoledronic acid efficacy across tumor types*.
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to provide significant reductions in the pro-
portion of patients with a SRE (p = 0.017),
time to first SRE (p = 0.036), SMR
(p = 0.016), and the risk of SREs (p = 0.022)
compared with placebo [27]. Zoledronic acid
also reduced the mean BPI pain scores com-
pared with placebo at all time points through-
out the study and achieved a significant
difference at months 3, 9, 21 and 24 (p < 0.03
for all). Furthermore, zoledronic acid signifi-
cantly delayed the requirement for radiation
to bone by 33% compared with placebo
(mean, p = 0.034), although there was no sta-
tistically significant difference in the total
QoL measures. Zoledronic acid was well toler-
ated and had a similar incidence of serum cre-
atinine increase as placebo (15 vs 12%,
respectively). Fatigue, myalgia, fever, anemia
and lower limb edema were reported more fre-
quently in the zoledronic acid group, and
bone pain was reported more frequently in the
placebo group.

Exploratory analyses of the study database
have yielded important efficacy results in sub-
sets of patients [27–29]. Among patients without
pain at study entry, zoledronic acid decreased
the percentage of patients with  one or more
SREs by 39% relative to placebo and reduced
the mean annual incidence of SREs by 49%
compared with placebo [29]. These results repre-
sent a greater benefit than that achieved in
patients with pain at baseline. Among patients

with over three bone lesions, zoledronic acid
significantly reduced the risk of SREs com-
pared with placebo by 32% (p = 0.035),
although zoledronic acid provided similar
reductions among patients with three bone
lesions or fewer (37%; p = 0.047) [28]. Further-
more, among patients with a previous SRE,
zoledronic acid reduced the proportion of
patients with a SRE by 20% relative to the pla-
cebo group [27]. However, zoledronic acid pro-
vided similar reductions among patients with
no history of a SRE relative to placebo (21%).
These results suggest that patients at higher risk
for SREs derive benefits from zoledronic acid
therapy. Although several bisphosphonates
have been studied in this population, only
zoledronic acid has demonstrated significant
objective long-term benefits.

Lung cancer & other solid tumors
This was a multicenter, double-blind study in
which patients with bone metastases from lung
cancer or other solid tumors (n = 773) were
randomized to receive either zoledronic acid
4 mg (n = 257) or 8 mg (n = 266) or placebo
(n = 250) via a 15-min infusion every 3 weeks
for up to 9 months [21] with a continued study
period for up to 21 months [25]. The primary
end point was the proportion of patients with
an on-study SRE. SREs were defined as patho-
logic fracture, spinal cord compression, surgery
or radiotherapy to bone and HCM. Secondary

Figure 2. Zoledronic acid reduced the risk of skeletal-related events across tumor 
types compared with placebo or pamidronate.
 

All tumor types are compared with placebo except for patients with either breast cancer or multiple 
myeloma. Length of horizontal line represents the 95% confidence interval. Data from [19,23–26].

Breast cancer
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Figure 3. Mean BPI 
patients with breas
 

*p < 0.05. 
BPI: Brief Pain Inventory.
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end points included the time to first SRE,
SMR and change from baseline BPI composite
scores and bone-resorption marker levels. Mul-
tiple-event analysis using the Andersen–Gill
methodology was performed for the risk of
developing a SRE.

Patient demographics and baseline disease
characteristics were well balanced between the
treatment groups; 24% of the zoledronic acid
group and 23% of the placebo group com-
pleted 21 months of the study. Approximately
84% of the patients in each treatment group
had an ECOG performance status of 0 or 1
and a median age of 63 years. Zoledronic acid
significantly reduced the percentage of patients
with a SRE (p = 0.039), increased the median
time to first SRE (p = 0.009), and reduced the
SMR (p = 0.012) compared with placebo
(Table 1) [19,23–26]. When HCM was excluded
from the analysis, zoledronic acid reduced the
percentage of patients with a SRE, but the
reduction did not reach statistical significance
(p = 0.127). By multiple event analysis,
zoledronic acid significantly reduced the risk of
SREs (including HCM as a SRE) compared
with placebo (p = 0.003; Figure 2) [19,23–26].
Although not all results were statistically signif-
icant, the results of these analyses provide valu-
able information about the natural history of
the disease in patients who had a median sur-
vival of approximately 6 months and demon-
strate the benefit of treatment with zoledronic
acid. In general, mean BPI scores increased

from baseline over time in both treatment
groups; however, the zoledronic acid group had
a smaller increase from baseline compared with
placebo. Zoledronic acid was well tolerated and
had a similar incidence of serum creatinine
increase as placebo (11 vs 7%, respectively).
Nausea, vomiting and dyspnea were reported
more frequently in the zoledronic acid group,
and bone pain was reported more frequently in
the placebo group.

Exploratory analyses of this database have
demonstrated that among patients with more
than 3 bone lesions or a previous SRE before
study entry, zoledronic acid significantly reduced
the risk of SREs by 42% (p = 0.010) and by
31% (p = 0.009), respectively, and extended the
time to first SRE by 87 days (p = 0.005) and by
109 days (p = 0.011), respectively, compared
with placebo [28,30]. Among patients with three
or fewer bone lesions or no history of SREs,
zoledronic acid reduced the risk of SREs by 28%
(p = 0.041) and 23% (p = 0.308), respectively.
These results support the data from the prostate
cancer study and suggest that patients at higher
risk for SREs may derive greater benefit from
zoledronic acid. In this patient population, only
zoledronic acid has demonstrated significant
benefits and has received widespread regulatory
approval in this setting.

Renal cell carcinoma
Zoledronic acid was also evaluated for efficacy
in a subset of patients with RCC (n = 74) [26,31].
At 21 months, zoledronic acid significantly
reduced the percentage of patients with a SRE
by 38% (p = 0.011), increased the median time
to first SRE by 352 days (p = 0.007), and
reduced the mean SMR (p = 0.009) compared
with placebo (Table 1) [19,23–26]. By multiple
event analysis, zoledronic acid significantly
reduced the risk of SREs by 58% compared
with placebo (p = 0.010; Figure 2) [19,23–26].
Moreover, the median time to progression of
bone lesions was significantly longer for
patients who were treated with zoledronic acid
compared with placebo (586 vs 89 days,
respectively; p = 0.014) [26]. This was the first
evidence to show that bisphosphonates may
have a clinically significant effect on bone
lesion progression in this population of
patients and supports further exploration.
Among patients with RCC, zoledronic acid
was well tolerated and had a similar incidence
of renal-related adverse events as placebo (22
vs 20%, respectively) [26].

composite score change from baseline in 
t cancer.

n from the American Society of Clinical Oncology [19]. 

Time on study (weeks)

8 12 16 20 24 28 32 36 40 44 48 52

**
*

*

*
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*
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*
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Zoledronic acid 4 mg
Placebo
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Summary
These Phase III trials have established the effi-
cacy of zoledronic acid for the treatment of
bone metastases in multiple tumor types.
Exploratory analyses have shown that
zoledronic acid may provide clinical benefits
to patients if administered earlier in the course
of their disease and that zoledronic acid pro-
vides continued benefits through the second
year of treatment. Zoledronic acid is also well
tolerated, although serum creatinine levels
should be monitored in patients with impaired
renal function.

Postmarketing experience
Zoledronic acid has been used to treat malig-
nant bone disease in more than 1 million
patients over the past 5 years. During this time,
additional adverse events have been reported as
bisphosphonate use has become more common.
Although no cases of osteonecrosis of the jaw
(ONJ) were reported in the registration trials
for zoledronic acid and pamidronate [23–25,32,33],
it has since been reported as an uncommon
event among patients with cancer receiving mul-
tiple systemic therapies that include bisphospho-
nates [34]. The estimation of ONJ in this patient
population varies from less than 0.02 to 12.8%
in the published literature [35–37]. The patho-
physiology and etiology of ONJ are not fully
characterized and poorly understood [38]. How-
ever, it is characterized by the appearance of
exposed necrotic bone in the oral cavity [38].
Because ONJ has been most commonly
reported following invasive dental procedures,
patients should be encouraged to have a dental
examination before initiating bisphosphonate
treatment and to have regular dental mainte-
nance care (approximately every 6 months or
when appropriate) while they are receiving
bisphosphonate therapy [34].

With the additional experiences from post-
marketing use, dose adjustments of zoledronic
acid for patients with reduced renal function
(mild and moderate renal impairment) have
been developed [8]. These doses are calculated to
achieve the same AUC as that achieved in
patients with a CrCL of 75 ml/min. The major-
ity of data reported on renal adverse events dur-
ing the postmarketing period showed mild-to-
moderate increases in serum creatinine levels. A
French retrospective review identified seven
patients who experienced renal adverse events;
four with acute renal failure and three with a
worsening of their chronic renal failure [39].

Three patients fully recovered, one patient par-
tially recovered, two patients died and one
patient’s outcome was unknown. However, the
total number of patients reviewed was not
given in the abstract, and it is unknown if the
patients who died had previous chronic renal
failure. Another retrospective review of
122 patients with hormone-refractory pros-
tate cancer identified 23.8% of patients with a
serum creatinine increase of 0.5 mg/dl or more
from a baseline of less than 1.4 mg/dl or serum
creatinine increase of 1.0 mg/dl or more from
a baseline of 1.4 mg/dl or more [40]. However,
the majority of patients with increased serum
creatinine levels (86%) had grade 1 or 2 renal
impairment. Risk factors that were signifi-
cantly correlated with increased serum creati-
nine levels, identified by multivariate analysis,
included increasing age; previous pamidronate
treatment; and a history of hypertension, renal
disease and smoking. A prospective study of
67 patients with bone lesions from solid
tumors or multiple myeloma reported notable
serum creatinine level increases in 9% of
patients [41]. A larger retrospective review of
446 patients with bone lesions from solid
tumors or multiple myeloma also reported 9%
of patients who experienced increases in serum
creatinine levels (median: 1.0 mg/dl) [42]. Fur-
thermore, supportive care recommendations
have been developed to manage common
adverse events such as the acute-phase reaction
(flu-like symptoms) that occurs most often
after the first NCB infusion [43,44].

Zoledronic acid in comparison with 
other bisphosphonates
Zoledronic acid produced the largest reduction
in skeletal morbidity among bisphosphonates
investigated in patients with breast cancer
(Figure 4) [19,45–52]. However, only pamidronate
and zoledronic acid have been compared head-
to-head in a double-blind, randomized,
Phase III trial [20,23]. The results of this com-
parative study demonstrated that zoledronic
acid produced significant benefits beyond
those of pamidronate in patients with multiple
myeloma or breast cancer. Although a poster
was presented at the 1999 Annual Meeting of
the American Society of Clinical Oncology
comparing oral and intravenous clodronate
with intravenous pamidronate in patients with
bone metastases from breast cancer, a final
published paper is not evident [53]. Results sug-
gest that intravenous pamidronate achieved
247www.futuremedicine.com
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greater pain reduction compared with either
oral or intravenous clodronate, and the propor-
tion of patients who experienced fractures in
each treatment group was similar. A study
comparing oral ibandronate and intravenous
zoledronic acid in patients with breast cancer
who are newly diagnosed with bone metastases
is ongoing [101]. 

In the international, multicenter zoledronic
acid study, patients with bone metastases from
breast cancer or at least one osteolytic lesion from
multiple myeloma (Durie–Salmon Stage III eligi-
bility requirement) (n = 1648) were randomized
to receive either zoledronic acid 4 mg (n = 564) or
8 mg (n = 526) or placebo (n = 558) via a 15-min
infusion every 3–4 weeks for up to 24 months,
with the last assessment at month 25 [20,23].
Patients with breast cancer were also stratified on
study entry based on treatment (chemotherapy
and hormonal therapy). As reported previously,
zoledronic acid 8 mg is not an approved dose;
therefore, only the 4-mg results are presented
herein. The primary end point was the propor-
tion of patients who had an on-study SRE. SREs
were defined as pathologic fracture, spinal cord
compression, surgery or radiotherapy to bone,

and HCM. Secondary end points included the
time to first SRE, SMR, and change from base-
line BPI composite scores and bone resorption
marker levels. Multiple event analysis using the
Andersen–Gill methodology was performed for
the risk of developing a SRE.

Patient demographics and baseline disease
characteristics were well balanced between the
treatment groups, and 22% of each treatment
group completed 24 months of the study [23].
Approximately 82% of the patients in each treat-
ment group had an ECOG performance status of
0 or 1 and a median age of 59 years [20].
Zoledronic acid numerically reduced the percent-
age of patients with a SRE, increased the median
time to first SRE, and reduced the mean SMR
compared with pamidronate (Table 1) [19,23–26].
However, the differences between zoledronic acid
and pamidronate did not achieve statistical signif-
icance as was expected in a noninferiority trial
design. Notably, by multiple event analysis,
zoledronic acid significantly reduced the risk of
SREs compared with pamidronate (p = 0.030;
Figure 2) [19,23–26]. Among patients with multiple
myeloma or breast cancer, zoledronic acid was
well tolerated and had a similar incidence as

Figure 4. In patients with breast cancer, zoledronic acid provided the greatest risk 
reduction of skeletal-related events among approved bisphosphonates in 
placebo-controlled studies.
 

CI: Confidence interval. 
Reproduced with permission from [52], Corp. © The Cochrane Collaboration. Published by John 
Wiley & Sons. 
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pamidronate of serum creatinine increase (11
vs 9%, respectively). Reported adverse events
were similar between the treatment groups.

In the subset of patients with breast cancer,
zoledronic acid provided superior objective bene-
fits compared with pamidronate [54,55].
Zoledronic acid numerically reduced the percent-
age of patients with a SRE, increased the median
time to first SRE, and reduced the mean SMR
compared with pamidronate [54]. Multiple event
analysis showed that zoledronic acid significantly
reduced the overall risk of developing a SRE by an
additional 20% compared with pamidronate
(p = 0.025) and significantly reduced the risk of
developing subsequent SREs by 31% compared
with pamidronate (p = 0.045) [54]. Moreover, dur-
ing the 12-month extension phase, zoledronic
acid significantly reduced the risk of developing a
SRE by an additional 41% compared with
pamidronate (p = 0.026) [54]. Among patients
with osteolytic lesions from breast cancer, multi-
ple event analysis demonstrated that zoledronic
acid significantly reduced the risk of developing a
SRE by 30% compared with pamidronate
(p = 0.01) [55]. 

Regulatory status
Zoledronic acid has received widespread regula-
tory approval for the treatment of bone lesions in
patients with multiple myeloma or solid tumors.
Initial approval was achieved in the USA and
Europe in 2001 for the treatment of HCM [56]. In
2002, the indications for zoledronic acid were
expanded in the USA and Europe to include the
treatment of patients with bone lesions from mul-
tiple myeloma or documented bone metastases
from solid tumors, in conjunction with standard
antineoplastic therapy [9,56]. In 2003, the Euro-
pean Agency for the Evaluation of Medicinal
Products granted an expansion of the current
marketing authorization for zoledronic acid to
include long-term treatment data for patients
with bone lesions from advanced cancers [102]. In
the USA, zoledronic acid is supplied as a
4 mg/5 ml concentrate [8]. In Europe, zoledronic
acid is supplied as either a 4 mg powder with sol-
vent or as a 4 mg/5 ml concentrate [9]. In both
cases the zoledronic acid solution is administered
as an infusion in 100 ml of normal saline (0.9%)
or 5% dextrose solution [8,9]. 

Conclusion
Taken together, these results demonstrate that
zoledronic acid provides clinically meaningful
improvements in patients with cancer. The QoL

and functionality of patients may be maintained
through the prevention and delay of SREs. More-
over, reduction of pain and the requirement for
radiation to bone may improve patients’ QoL and
functional independence. Zoledronic acid has
demonstrated efficacy in a broad range of tumor
types and has demonstrated superiority over
pamidronate in patients with breast cancer or
multiple myeloma.

Exploratory analyses of the large zoledronic acid
databases have shown that greater benefits may be
provided in patients with asymptomatic disease,
suggesting that earlier treatment may be beneficial
to patients in whom overt symptoms have not yet
developed. Furthermore, patients at higher risk for
SREs also receive clinically meaningful improve-
ments from zoledronic acid treatment. Therefore,
patients who have experienced a previous SRE
should continue to receive treatment to reduce the
risk of further skeletal complications.

In spite of the large amount of information
available for the treatment of patients with
zoledronic acid, some questions still remain.
Optimization of schedule and duration of treat-
ment are ongoing issues that current studies are
evaluating. These future results are eagerly
anticipated. Additional ongoing studies that are
evaluating zoledronic acid for the prevention of
bone metastases [103], and the utility of bone
markers for directing the therapeutic treatment
of bisphosphonates [104] are presented in the
future perspective.

Future perspective
Preliminary evidence from ongoing and recently
completed studies suggests that zoledronic acid
may provide clinical benefits beyond supportive
care. Future arenas for zoledronic acid include
therapy for bone loss from hormonal therapies
for breast or prostate cancer and prevention of
bone metastases. Identification of patient subsets
most likely to benefit from zoledronic acid ther-
apy and monitoring response to zoledronic acid
therapy are also new avenues of exploration for
the future optimization of treatment.

Zoledronic acid treatment for the prevention of
aromatase inhibitor-associated bone loss in breast
cancer or bone loss from androgen-deprivation
therapy in prostate cancer has been evaluated in
several studies. The Austrian Breast and Colorec-
tal Cancer Study Group-12 trial randomized
premenopausal patients with breast cancer
receiving adjuvant hormonal therapy (goserelin
plus either tamoxifen or anastrozole) to intrave-
nous zoledronic acid 4 mg every 6 months or no
249www.futuremedicine.com
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further treatment (n = 401) [57]. Data are availa-
ble up to the 36-month assessment; the
60-month assessment is still ongoing.
Zoledronic acid prevented bone loss in both the
lumbar spine and hip regardless of the type of
endocrine therapy. In contrast, patients without
zoledronic acid treatment had an overall loss
from baseline of bone mineral density (BMD) in
the lumbar spine of 14% (p < 0.0001) and in the
trochanter of 8%. Zoledronic acid also signifi-
cantly prevented decreases in mean T-scores in
both treatment groups compared with no further
treatment. In patients without zoledronic acid
treatment, mean T-scores for the lumbar spine
and trochanter decreased 1.4% (p < 0.0001) and
0.6% (p = 0.0017), respectively. No SREs were
recorded thus far in the study. The combination
of endocrine therapy with zoledronic acid was
well tolerated without any evidence of additive
toxicity. No changes in renal function were
reported during the trial. Therefore, zoledronic
acid appears to be effective for the prevention of
bone loss associated with hormone inhibition in
premenopausal women with breast cancer.

Two additional studies (Zometa–Femara adju-
vant synergy trials; Z-FAST in the USA and ZO-
FAST in Europe) evaluated optimal strategies for
managing bone loss in postmenopausal patients
with breast cancer receiving letrozole, administer-
ing zoledronic acid concomitantly with hormone
inhibition (upfront) or initiating zoledronic acid
after bone loss has developed (delayed) [58]. An
integrated analysis of the two trials (n = 1667) at
12 months has demonstrated that the upfront
zoledronic acid group had significantly improved
BMD of the lumbar spine by 5.1% compared
with the delayed zoledronic acid group
(p < 0.001) [59]. Improvement was also reported
in the total hip BMD; zoledronic acid signifi-
cantly increased BMD by 3.4% compared with
the delayed zoledronic acid group (p < 0.001).
Moreover, 11% of the patients in the delayed
group initiated zoledronic acid treatment because
of a T-score decrease below -2.0 or a fracture.

Zoledronic acid has also demonstrated improved
BMD at 1 year in men with prostate cancer receiv-
ing androgen-deprivation therapy [60,61]. Bone loss
in this patient population is similar to or higher
than that reported in postmenopausal women,
and vertebral fractures have been significantly
correlated with reduced BMD (p = 0.001) [60]. A
study in men receiving androgen-deprivation
therapy (n = 106) who were randomized to
zoledronic acid 4 mg or placebo every 3 months
for 1 year showed that mean BMD in the lumbar

spine was significantly increased by 5.6% in the
zoledronic acid group compared with a decrease
of 2.2% in the placebo group (p < 0.001) [61].
Similar results were reported for the femoral
neck, trochanter and total hip. These results sug-
gest that zoledronic acid maintains bone health
and, therefore, should reduce fracture risk. Nota-
bly, in this patient population, reducing the risk
of fractures may provide a survival benefit [62].

Levels of biochemical markers of bone metabo-
lism are being evaluated in ongoing zoledronic acid
studies for monitoring response to treatment. The
rationale for these ongoing studies is a result of
exploratory analyses of the large study databases. In
patients with breast cancer, zoledronic acid-medi-
ated normalization of the bone marker NTX sig-
nificantly decreased the risk of experiencing a first
SRE (p = 0.0020) and significantly increased over-
all and SRE-free survival compared with persist-
ently elevated NTX (p < 0.0017 and p = 0.0004,
respectively) [63]. In patients with prostate cancer,
zoledronic acid-mediated normalization of NTX
significantly decreased the risk of experiencing a
first SRE (p = 0.0411) and significantly increased
overall and SRE-free survival compared with per-
sistently elevated NTX (p < 0.0001 and
p = 0.0009, respectively) [63]. These analyses have
identified patients who are likely to receive long-
term benefits from zoledronic acid treatment
through the use of bone marker assessments. Bone
marker levels may also have utility for the schedul-
ing of bisphosphonate treatment. The ongoing,
randomized, controlled, open-label study in the
UK (BisMARK) is comparing the efficacy of two
dosing schedules of zoledronic acid: the adminis-
tration of zoledronic acid when bone marker levels
increase and the currently approved every
3–4 week schedule [104]. The frequency and timing
of SREs (fractures, radiotherapy to bone, HCM,
orthopedic surgery and spinal cord
compression) are the primary end points.

Ongoing studies are also evaluating the poten-
tial of zoledronic acid to prevent bone metas-
tases. Early preclinical models suggested that
bisphosphonates have antitumor effects and can
prevent the formation of new bone metastases
[13]. Indeed, zoledronic acid was shown to
decrease cell numbers in two breast cancer lines
in a dose- and time-dependent manner
(p < 0.001), and increase cell apoptosis
(p < 0.005) [64]. Moreover, zoledronic acid in
combination with paclitaxel showed a synergistic
four- to fivefold increase in cell apoptosis
(p < 0.02). Zoledronic acid has shown synergis-
tic activity with other cytotoxic cancer therapies
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such as tamoxifen and doxorubicin in breast can-
cer cell lines [65]. Zoledronic acid has also shown
synergistic activity with cytotoxic cancer thera-
pies in different cell lines of tumor types includ-
ing prostate cancer, lung cancer and myeloma
cells [65]. In mice with either xenografts of breast
cancer or intratibial tumors from breast cancer,
zoledronic acid and doxorubicin synergistically
decreased tumor burden, and this was most
apparent by the sequential administration of
doxorubicin first followed by zoledronic acid [66].

Clinical evidence from oral clodronate studies
suggests that the incidence of bone metastases can
be reduced in patients with breast cancer and pro-
vided the rationale for an exploration of
zoledronic acid in this setting [51,67,68]. Prelimi-
nary evidence from zoledronic acid clinical studies
also suggests that bone metastasis-free survival
may be prolonged in patients with solid tumors
[63]. The ongoing AZURE study randomized
women with breast cancer receiving adjuvant
chemotherapy and/or endocrine therapy to either
no additional treatment or zoledronic acid
(n = 3360) [103]. The primary end point is disease-
free survival and will be assessed annually for
10 years. Interim efficacy outcomes are expected

in late 2008 or 2009, depending on the event rate.
Information on reported adverse events was
recently presented [69]. The incidence of serious
adverse events was not different between the treat-
ment groups (20% in patients without additional
treatment and 23% in patients receiving
zoledronic acid). A total of 23 patients developed
grade 1 or 2 increased serum creatinine levels;
11 patients without additional treatment and
12 patients receiving zoledronic acid. Serious
renal adverse events were reported in one patient
without additional treatment and three patients
receiving zoledronic acid (three unrelated and one
possibly related to zoledronic acid). Seven (0.2%)
cases of ONJ have been reported in patients
receiving zoledronic acid after a median of eight
treatments. These results suggest that zoledronic
acid may be combined with adjuvant chemother-
apy without increasing the toxicities associated
with chemotherapy.
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