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BACKGROUND. Bone metastases typically are associated with osteolytic bone de-

struction, resulting in bone pain, pathologic fractures, spinal cord compression,

and hypercalcemia. Bisphosphonates are potent inhibitors of normal and patho-

logic bone resorption and represent a significant therapeutic improvement in the

management of patients with lytic bone metastases. Zoledronic acid is a new-

generation, highly potent, nitrogen-containing bisphosphonate that to the authors

knowledge is the most potent inhibitor of bone resorption currently in clinical

trials. The objectives of the current study were to assess the safety and tolerability

of increasing doses of zoledronic acid and to determine its activity with respect to

reducing biochemical markers of bone resorption in cancer patients with bone

metastases.

METHODS. Forty-four cancer patients with bone metastases or primary bone le-

sions were enrolled sequentially into 1 of 5 fixed ascending-dose treatment groups.

Each patient received a single intravenous bolus injection of 1, 2, 4, 8, or 16 mg of

zoledronic acid over 30 – 60 seconds. Patients were monitored for 8 weeks for the

evaluation of clinical findings, adverse events, vital signs, electrocardiograms,

markers of bone resorption, and urinary N-acetyl-b-D-glucosaminidase.

RESULTS. Zoledronic acid was safe and well tolerated at all dose levels tested.

Commonly reported adverse events included bone pain, fever, anorexia, constipa-

tion, and nausea, which were experienced by a similar proportion of patients in

each treatment group. Seven patients reported serious adverse events, none of

which appeared to be related to the study drug. Zoledronic acid effectively sup-

pressed biochemical markers of bone resorption, including the highly specific

markers N-telopeptide and deoxypyridinoline, for up to 8 weeks in the 2–16-mg

dose groups and for a shorter duration in the 1-mg group.

CONCLUSIONS. In the current study, zoledronic acid was safe and well tolerated and

demonstrated potent inhibition of bone resorption. The authors believe it may

improve the treatment of metastatic bone disease. Cancer 2001;91:144 –54.
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Bone metastases are characterized by osteolytic bone destruction,
resulting in bone pain, pathologic fractures, spinal cord compres-

sion, and hypercalcemia.1– 4 These skeletal complications are medi-
ated by the release of osteoclast-stimulating factors that increase
bone resorption without an accompanying increase in bone forma-
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tion.2,5–7 Bisphosphonates, analogues of inorganic py-
rophosphate, are potent inhibitors of both normal and
tumor-induced osteoclast-mediated bone resorption
and have had a major impact on the treatment of
osteolytic bone disease.8 –28 In addition, osteoblastic
lesions, most notably observed in prostate carcinoma,
are recognized to have an important underlying os-
teolytic component based on the increase in bone
resorption markers observed in these patients.29,30 In-
hibition of bone resorption in these patients also may
be of clinical benefit. Thus, the evaluation of such
patients with bisphosphonates is becoming of increas-
ing interest.

The efficacy of bisphosphonates is related directly
to the chemical structure of the molecule, specifically
the substituted side chains.27 Second-generation
bisphosphonates (e.g., pamidronate) demonstrate a 10-
to 100-fold greater potency than first-generation drugs
(e.g., etidronate and clodronate).27,28 Zoledronic acid
(2-[imidazol-1-yl]-1-hydroxyethylidene-1,1-bisphos-
phonic acid; Zometat, formerly referred to as zoledr-
onate [Novartis Pharmaceuticals Corporation, East
Hanover, NJ]) is a new-generation, highly potent, ni-
trogen-containing bisphosphonate (Fig. 1).31 In pre-
clinical studies, zoledronic acid demonstrated more
potent inhibition of osteoclast-mediated bone resorp-
tion than any bisphosphonate previously tested.32

Zoledronic acid was 850- and 1700-fold more effective
than pamidronate and clodronate, respectively, at in-
hibiting vitamin D3-induced hypercalcemia in thyro-
parathyroidectomized rats, and 40 –100 times more
potent than pamidronate in inhibiting calcium release
induced by vitamin D3, parathyroid hormone, para-
thyroid hormone-related protein, or recombinant hu-
man interleukin-1b from mouse calvaria in vitro.32

Furthermore, short term treatment of growing rats
with zoledronic acid substantially increased the cal-
cium and hydroxyproline content of the femoral tra-
beculae, as well as the radiographic density of the

tibial proximal metaphysis, compared with rats
treated with pamidronate.32 In a renal tolerability
study, zoledronic acid demonstrated a lower nephro-
toxic potential than pamidronate in short term rat
models.33 These in vivo and in vitro data demonstrate
that zoledronic acid is highly potent and has the larg-
est therapeutic ratio of any bisphosphonate tested
with respect to the desired inhibition of bone resorp-
tion versus unwanted renal toxicity and inhibition of
bone mineralization.33–35

In addition to its direct effects on bone resorption,
several preclinical studies suggest that zoledronic acid
exhibits antitumor activity. In vitro results demon-
strated that zoledronic acid inhibited proliferation of
breast carcinoma cells36 and induced cytostasis and
apoptosis of myeloma cells.37 Zoledronic acid also
may interfere with the process of metastasis.
Zoledronic acid inhibited the ability of human pros-
tate and breast carcinoma cells to invade the extracel-
lular matrix in vitro.38 Furthermore, zoledronic acid
decreased thrombin secretion by human osteosar-
coma cells and reduced platelet aggregation in vitro,
thus potentially inhibiting the thrombus formation
necessary for extravasation of tumor cells.39 These
preliminary results suggest that zoledronic acid may
influence tumor burden and survival, and clearly war-
rant further investigation.

Several recent studies suggest that markers of
bone resorption, especially N-telopeptide (NTX), are
useful for monitoring response to bisphosphonate
therapy and disease progression.40 – 43 In cancer pa-
tients with lytic bone disease, the suppression of uri-
nary NTX in patients receiving pamidronate was
found to correlate with a reduction in fracture risk and
a significant reduction in bony disease progression.42

The authors concluded that the goal of bisphospho-
nate therapy should be to normalize NTX excretion. In
another study, a . 50% increase in NTX predicted
disease progression in 78% of cases.40 NTX and C-
telopeptide appear to be the most sensitive indicators
of bone resorption compared with other urinary bone
markers (i.e., hydroxyproline, deoxypyridinoline
[DPD], and pyridinoline [PYD]).43

In the current study, zoledronic acid was admin-
istered to cancer patients with bone metastases. The
objectives were to assess the safety and tolerability of
increasing doses of zoledronic acid when adminis-
tered as a very rapid (30 – 60 seconds), single intrave-
nous bolus injection and to determine the activity of
zoledronic acid with respect to reducing urinary mark-
ers of bone resorption. Another Phase I trial44 evalu-
ated a slower infusion time (5–30 minutes) at lower
doses (0.1– 8 mg) than were evaluated in the current

FIGURE 1. Chemical structure of zoledronic acid, a new-generation hetero-

cyclic aminobisphosphonate compound: 2-(imidazol-1-yl)-1-hydroxyethyli-

dene-1,1-bisphosphonic acid.
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study (1–16 mg). In addition, the current study in-
volved patients with mostly lung and prostate carci-
nomas whereas the other Phase I study entered pa-
tients who almost exclusively had myeloma and breast
carcinoma with bone metastases. A number of novel,
specific urinary markers of systemic osteoclast activity
were measured and included the collagen degradation
products NTX, PYD, and DPD. In patients with osteo-
lytic lesions, these markers may be predictive of re-
sponse to treatment and are used for monitoring dis-
ease progression.40 – 47

MATERIALS AND METHODS
Patients
Eligible patients were age $ 18 years with a histolog-
ically confirmed diagnosis of nonsmall cell lung can-
cer (NSCLC), prostate carcinoma, multiple myeloma,
small cell lung carcinoma, or lymphoma, and a life
expectancy of $ 3 months. All patients had radio-
graphic evidence of metastatic bone disease and se-
rum creatinine levels # 3.0 mg/dL. Written informed

consent was obtained from all patients before entry
into the study.

Exclusion criteria included pregnancy; untreated
brain metastases; clinically significant ascites; any sig-
nificantly abnormal electrocardiogram; previous ther-
apy with zoledronic acid or other bisphosphonate;
allergic reaction or sensitivity to bisphosphonates;
treatment with calcitonin, gallium nitrate, plicamycin,
or estrogens within 14 days of treatment; skeletal com-
plication (i.e., pathologic fracture, radiation to bone,
surgery to bone, or spinal cord compression) within 14
days of study entry; scheduled orthopedic surgery or
radiation therapy to correct or treat defects related to
metastatic bone lesions within 14 days of study entry;
an Eastern Cooperative Oncology Group (ECOG) per-
formance status of $ 3; and use of an investigational
drug within 30 days of treatment.

Study Design and Treatment
This was an open-label, dose-ranging safety trial of a
short term, single injection of zoledronic acid in can-

TABLE 1
Baseline Demographics and Clinical Characteristics by Treatment Group

Characteristic

Zoledronic acid treatment group

1 mg
(n 5 8)

2 mg
(n 5 8)

4 mg
(n 5 8)

8 mg
(n 5 10)

16 mg
(n 5 10)

Age (yrs), median 74.5 71.0 62.5 61.5 54.0
(Range) (56–82) (56–82) (47–68) (38–70) (34–73)
Gender, M/F 8/0 8/0 6/2 10/0 7/3
Type of tumor, no.

NSCLC 3 4 2 2 2
Prostate 5 4 2 2 3
Multiple myeloma 0 0 3 5 5
SCLC 0 0 1 0 0
Lymphoma 0 0 0 1 0

Time from initial diagnosis of cancer (mos), median 25.6 4.4 7.8 6.3 5.6
(Range) (0.3–123.3) (1.9–102.9) (2.1–42.1) (1.8–94.6) (0.8–93.1)
Primary bone metastases, no.

Lytic 2 2 5 8 7
Blastic 4 5 3 1 2
Mixed 2 1 0 1 1

Other metastases, no. 1 0 2 1 2
Pain score, no.

0 2 2 5 1 1
1–3 3 3 1 6 6
4–6 1 1 1 2 1
7–10 2 2 1 1 2

ECOG PS, no.
0 3 4 7 6 4
1 4 2 1 2 6
2 1 2 0 2 0

M: male; F: female; NSCLC: nonsmall cell lung carcinoma; SCLC: small cell lung carcinoma; ECOG PS: Eastern Cooperative Oncology Group performance status.
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cer patients with metastatic bone disease. Patients
were enrolled sequentially into 1 of 5 treatment
groups: 1 mg, 2 mg, 4 mg, 8 mg, or 16 mg of zoledronic
acid. Each patient received an intravenous bolus in-
jection over 30 – 60 seconds that was followed by an
8-week evaluation period.

Safety was evaluated by review of clinical findings,
adverse experiences, vital signs, routine blood chem-
istries, hematology values, urinalysis values, urinary
N-acetyl-b-D-glucosaminidase (NAG), and electrocar-
diograms.

National Cancer Institute Common Toxicity Cri-
teria were used to assess drug toxicity and serious
adverse events. A dose level was considered safe and
tolerable if none or only one patient treated at that
dose level experienced a Grade 3 or 4 toxicity related
to study drug. If two or more patients exhibited a
Grade 3 or 4 study drug-related toxicity, the next low-
est dose level was considered to be the maximum
tolerated dose.

Efficacy was assessed by measurement of urinary
markers of bone resorption. These included urinary
calcium/creatinine ratio, urinary hydroxyproline/cre-
atinine ratio, urinary PYD/creatinine ratio, urinary
DPD/creatinine ratio, urinary NTX/creatinine ratio,
and serum bone alkaline phosphatase levels. In addi-
tion, pain score, ECOG performance status, and the
type and frequency of skeletal-related events also were

evaluated. Pain scores were assessed at each patient
visit, using the Wisconsin Brief Pain Questionnaire,
which addresses relevant aspects of pain (i.e., history,
intensity, location, and quality).48 Skeletal-related
events were defined as pathologic bone fractures, spi-
nal cord compression, surgery to bone, radiation ther-
apy to bone, or hypercalcemia.

Concomitant Therapies
The following concomitant therapies were permitted
during the study: standard cancer therapies (except 7
days before and after treatment with the study drug),
standard radiation therapy to treat extraskeletal
and/or skeletal tumor sites, standard cytokines or col-
ony-stimulating factors, marketed drugs or therapies
(except those that would be expected to affect oste-
oclast activity), and corticosteroid therapy.

Statistical Methods
Descriptive summary statistics were used to evaluate
the efficacy variables. To ensure that similar time
points between patients were compared and to ac-
count for deviations in patients’ actual visits, cor-
rected visit numbers were created based on the inter-
val between visits. All patients who received the study
drug were included in the efficacy analysis.

TABLE 2
Frequency of Adverse Events (> 15% for Any Group)a

Event

Zoledronic acid treatment group, no. (%)

1 mg
(n 5 8)

2 mg
(n 5 8)

4 mg
(n 5 8)

8 mg (n
5 10)

16 mg
(n 5 10)

Skeletal pain 3 (38) 3 (38) 2 (25) 4 (40) 3 (30)
Fever — 1 (13) 2 (25) 3 (30) 2 (20)
Anorexia 1 (13) — 1 (13) 3 (30) 2 (20)
Diarrhea 1 (13) — 1 (13) 3 (30) 2 (20)
Constipation 2 (25) 1 (13) — 3 (30) 1 (10)
Nausea 4 (50) 2 (25) 1 (13) 2 (20) 2 (20)
Myalgia 1 (13) 1 (13) 1 (13) 2 (20) 2 (20)
Arthralgia — 1 (13) 1 (13) 2 (20) 1 (10)
Influenza-like symptoms — 1 (13) 1 (13) 1 (10) 4 (40)
Anemia 1 (13) — — 1 (10) 3 (30)
Disease progression 1 (13) 1 (13) 1 (13) 1 (10) 2 (20)
Rigors — — — 1 (10) 2 (20)
Coughing 1 (13) 2 (25) — 1 (10) 2 (20)
Leg edema 3 (38) 1 (13) 2 (25) 1 (10) 1 (10)
Urinary tract infection — 2 (25) — 1 (10) 1 (10)
Emesis 3 (38) 2 (25) 1 (13) 1 (10) —
Fatigue 2 (25) 2 (25) — — 4 (40)

a 8.0 mg column used to determine order of preferred terms.
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RESULTS
Baseline Demographics and Clinical Characteristics
Baseline demographics and clinical characteristics are
summarized in Table 1. Forty-four patients (39 males
and 5 females) were enrolled: 8 patients each in the
1-mg, 2-mg, and 4-mg dose groups and 10 patients
each in the 8-mg and 16-mg dose groups. Patients in
the 1-mg and 2-mg dose groups had either NSCLC or
prostate carcinoma. The 4-mg, 8-mg, and 16-mg
groups had similar numbers of patients with NSCLC,
prostate carcinoma, and multiple myeloma. Treat-
ment groups were well balanced with regard to base-
line characteristics, with the following exceptions: the
4-mg and 16-mg dose groups had a greater proportion
of female patients, and the 4-mg, 8-mg, and 16-mg
dose groups contained multiple myeloma patients
whereas the 1-mg and 2-mg dose groups did not. The
mean time from the initial diagnosis of cancer to study
entry was 49 months for the 1-mg group. The mean
time for the other treatment groups ranged from
16 –24 months. A greater proportion of patients in the
4-mg group (63%) had a pain score of 0 at baseline
compared with the other treatment groups (range,
10 –25%).

Safety Profile
The most frequently reported adverse events were
skeletal pain and fever, which were reported by similar
numbers and percentages of patients in each treat-
ment group (Table 2). Fifteen of 44 patients (34%)
experienced skeletal pain; the maximum severity was
Grade 1 for 7 patients, Grade 2 for 6 patients, and
Grade 3 for 2 patients. Fever was reported by 8 of 44
patients (18%). Skeletal pain was determined by the
investigator to be related to the study drug in 6 of 15
patients and fever was judged to be related to the
study drug in 7 of 8 patients. Myalgia (seven patients),
influenza-like symptoms (seven patients), and rigors
(three patients) also were suspected to be related to
the study drug. Other commonly reported adverse
events included nausea, leg edema, emesis, anorexia,
diarrhea, and constipation. No more than one study
drug-related Grade 3 or 4 toxicity was reported to
occur at any dose level. Therefore, the maximum tol-
erated dose of zoledronic acid was not reached. There
was no apparent relation between the dose of
zoledronic acid and either the frequency or severity of
any adverse event.

No evidence of organ toxicity was observed based
on renal and liver function tests. Urinary levels of
NAG, a marker of renal parenchymal damage and
drug-induced renal tubular nephrotoxicity,49 varied by

, 4 U/L between study entry and end of study mea-
surements in the 2-mg, 4-mg, 8-mg, and 16-mg
zoledronic acid dose groups. Although the change in
NAG levels was 16 U/L in the 1-mg dose group, no
patients in any treatment group exhibited abnormal
NAG values. In the 16-mg dose group, one patient
exhibited a Grade 3 increase in serum creatinine value
that was judged to be unrelated to the study drug. No
patients in any dose group experienced Grade 3 or 4
abnormalities in their liver enzymes, including levels
of serum glutamic-oxaloacetic transaminase, serum
glutamic-pyruvic transaminase, or total bilirubin.

Six patients experienced Grade 3 or 4 abnormal
electrolyte or mineral values. Of these, the most com-
monly experienced toxicity was Grade 3 hypophos-
phatemia, which was reported by 4 patients: 1 each in
the 2-mg and 8-mg dose groups and 2 patients in the
16-mg dose group. Neither these nor any other labo-
ratory value abnormalities (i.e., hypercalcemia, hyper-
kalemia, hyponatremia, or hypermagnesemia) were
judged to be related to the study drug. Grade 3 or 4
hypocalcemia was not observed.

Serious (i.e., Grade 3 or 4) adverse events are
summarized in Table 3. Seven patients experienced 24
serious adverse events during the study. None was
judged to be related to the study drug. Serious adverse
events included the development of hemoptysis in a
NSCLC patient in the 1-mg zoledronic acid group. In
the 2-mg zoledronic acid group, a NSCLC patient was

TABLE 3
Serious Adverse Events

Event

Zoledronic acid treatment group, no. (%)

1 mg
(n 5 8)

2 mg
(n 5 8)

4 mg
(n 5 8)

8 mg
(n 5 10)

16 mg
(n 5 10)

Disease progression — 1 (13) — 1 (10) 2 (20)
Anorexia — — — 1 (10) 1 (10)
Constipation — — — — 1 (10)
Diarrhea — — — 1 (10) —
Nausea — — — 1 (10) 1 (10)
Emesis — — — 1 (10) —
Sepsis — — — 1 (10) —
Positive blood culture — 1 (13) — — —
Dehydration — — — — 1 (10)
Skeletal pain — — — 1 (10) —
Dementia — 1 (13) — — —
Bronchitis — — — — 1 (10)
Hemoptysis 1 (13) — — — —
Hypoxia — — — — 1 (10)
Pneumonia — 1 (13) — 1 (10) —
Tinnitus — — — — 1 (10)
Vertigo — — — — 1 (10)
Acute renal failure — — — — 1 (10)
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hospitalized with enterococcal bacteremia, altered
mental status, pneumonia, and disease progression.
In the 8-mg zoledronic acid group, a patient with
multiple myeloma developed sepsis due to a chest
catheter infection. In the 16-mg zoledronic acid group,
3 patients developed the following serious adverse
events: hypoxia and progressive disease (1 patient),
tinnitus and vertigo (1 patient), and acute renal failure
secondary to dehydration (1 patient). None of these
ultimately was assessed as being due to the study
drug. There was one death during the study, which
was not judged to be related to study drug. A patient in
the 8-mg group died due to progression of multiple
myeloma.

Effect of Zoledronic Acid on Bone Resorption Markers
Urinary markers of bone resorption were monitored to
assess the effects of zoledronic acid on bone metabo-
lism. Baseline measurements of these markers as well
as serum bone alkaline phosphatase are shown in
Table 4A. After the administration of zoledronic acid,
suppression of calcium/creatinine and NTX/creati-
nine ratios remained 20 –70% below baseline at all
dose levels at study end (i.e., Week 8) (Table 4B).
N-telopeptides were within the normal range at the
end of the study for 3 of 8 patients in the 1-mg treat-
ment group, 8 of 8 patients in the 2-mg treatment
group, 6 of 8 patients in the 4-mg treatment group, 9
of 10 patients in the 8-mg treatment group, and 7 of 10

patients in the 16-mg treatment group, respectively.
Suppression of hydroxyproline, PYD, and DPD ranged
from 16 – 46% below baseline values at doses $ 2 mg.
At the 1-mg dose the hydroxyproline/creatinine, PYD/
creatinine, and DPD/creatinine ratios were not sup-
pressed substantially, and end-of-study levels were
elevated above baseline values. Serum bone alkaline
phosphatase levels were reduced at end of study in the
2-mg, 8-mg, and 16-mg dose groups, but not in the
1-mg and 4-mg dose groups.

Figure 2 illustrates the kinetics of bone marker
suppression for urinary DPD/creatinine and urinary
NTX/creatinine ratios after treatment with 1–16 mg of
zoledronic acid. All bone markers were suppressed
rapidly, reaching a nadir in the first week after the
administration of zoledronic acid. At Week 1, the
DPD/creatinine and NTX/creatinine ratios were dra-
matically suppressed at all dose levels from 40 –50%
and 65–75% below baseline, respectively, with a trend
toward greater suppression at higher doses. At dose
levels $ 2 mg, NTX levels remained substantially sup-
pressed (i.e., $ 50% below baseline) at Week 8. How-
ever, in the 1-mg dose group, NTX levels increased to
20% below the baseline values by Week 8. The level of
suppression of DPD at dose levels $ 2 mg also re-
mained stable for the duration of the study (approxi-
mately 40% below baseline). However, at the 1-mg
dose, DPD returned to baseline values by Week 6 and
exceeded baseline by approximately 15% at Week 8.

TABLE 4A
Mean Baseline Bone Marker Values

Bone marker 1 mg 2 mg 4 mg 8 mg 16 mg

Urinary calcium/creatinine 0.12 0.13 0.11 0.12 0.09
Urinary hydroxyproline/creatinine 0.05 0.04 0.03 0.04 0.03
Urinary pyridinoline/creatinine 123 149 101 145 98
Urinary deoxypyridinoline/creatinine 31 29 19 24 16
Urinary N-telopeptide/creatinine 169 97 49 82 62
Serum bone alkaline phosphatase (U/L) 494 173 76 169 169

TABLE 4B
Median Percent Difference From Baseline for Bone Markers at Study End

Median percent difference (no.)

1 mg 2 mg 4 mg 8 mg 16 mg

Urinary calcium/creatinine 223 (8) 272 (8) 247 (7) 269 (10) 245 (10)
Urinary hydroxyproline/creatinine 25 (8) 244 (8) 235 (8) 232 (10) 245 (10)
Urinary pyridinoline/creatinine 6 (8) 230 (8) 227 (8) 216 (9) 216 (10)
Urinary deoxypyridinoline/creatinine 16 (8) 232 (8) 245 (8) 236 (9) 246 (10)
Urinary N-telopeptide/creatinine 221 (8) 261 (8) 253 (8) 259 (10) 256 (10)
Serum bone alkaline phosphatase 16 (8) 220 (8) 11 (8) 217 (10) 232 (10)
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Secondary Efficacy End Points
In this small Phase I trial that followed patients for
only 8 weeks, it was difficult to assess long term ther-
apeutic outcome. Pain score and ECOG performance
status did not show any apparent trend toward im-
provement or deterioration in any dose group. How-
ever, patients with a baseline performance status of 0
experienced similar increases in ECOG performance
status by study end in all dose groups except the 1-mg
group. In that group, a baseline ECOG performance
status of 0 remained unchanged at study end. Skeletal-
related events observed during the study included a
lymphoma patient in the 8-mg dose group who expe-
rienced a pathologic fracture. One NSCLC patient in
the 1-mg dose group developed hypercalcemia. Four
patients received radiation to bone: 1 NSCLC patient
in the 2-mg group, 2 patients (one each with NSCLC

and multiple myeloma) in the 8-mg group, and 1
NSCLC patient in the 16-mg group. No patients re-
quired surgery to bone or experienced spinal cord
compression.

DISCUSSION
This Phase I study evaluating the rapid intravenous
bolus administration of the highly potent new
bisphosphonate zoledronic acid in patients with met-
astatic bone disease showed that it was safe and well
tolerated at all dose levels tested; the maximum toler-
ated dose was not reached. Furthermore, there was no
apparent relation between dose level and the fre-
quency or severity of any adverse event. Although
seven patients in the current study experienced seri-
ous adverse events, including renal failure (one pa-
tient), none of these events appeared to be related to

FIGURE 2. Kinetics of urinary N-te-

lopeptide (NTX) and deoxypyridinoline

(DPD) suppression after zoledronic acid

treatment. Patients were administered a

single intravenous bolus injection of 1,

2, 4, 8, or 16 mg of zoledronic acid at

Week 0 and were monitored through

Week 8. At the indicated intervals, uri-

nary NTX/creatinine and urinary DPD/

creatinine ratios were determined. Lev-

els of suppression are expressed as the

median percent difference from the

baseline values at Week 0.
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the study drug and no renal toxicity was observed.
One patient experienced acute renal failure secondary
to dehydration, which was assessed as unrelated to the
study drug. The patient was hospitalized, rehydrated,
and discharged with an improved creatinine level. Ev-
idence of disease progression was discovered during
hospitalization, although no evidence of organ toxicity
was discovered. This patient discontinued study par-
ticipation due to disease progression. There was one
death due to disease progression. All other patients
completed the study. Forty-one patients (93%) expe-
rienced at least 1 adverse event. The nature, fre-
quency, and severity of commonly reported adverse
events were similar in all treatment groups. All adverse
events were comparable in frequency and severity to
those typically associated with bisphosphonates (e.g.,
transient fever, myalgia, nausea, headache).2,21,50,51

Also, no apparent trend toward improvement or wors-
ening of performance status or pain score was ob-
served in any dose group. However, this study enrolled
only a small number of patients in each dose group,
and patients were followed for only 8 weeks.

Dose levels of zoledronic acid were considered
safe and tolerable, if none or only one patient experi-
enced Grade 3 or 4 drug-related toxicity. In this study,
all doses of zoledronic acid met this criterion for safety
and tolerability. In particular, no abnormal urinary
NAG levels or liver function tests were reported. In
comparison, pamidronate requires a more prolonged
infusion time, in part to minimize the potential neph-
rotoxicity that was observed in animal studies, includ-
ing decreased creatinine clearance, increased en-
zymuria, and focal proximal tubular necrosis.52,53 The
30 – 60-second injection time of zoledronic acid is
more convenient than the 2– 4-hour minimum infu-
sion time required for pamidronate, and thus is more
suited to outpatient therapy.

Bone markers can be used to monitor bone me-
tabolism, treatment response, and disease progression
in patients with osteolytic bone lesions. Recent data
suggest that they can predict the rate of bone loss, the
potential risk of fracture, and the response to antire-
sorptive therapies.44 Urinary calcium/creatinine ratio,
urinary hydroxyproline/creatinine ratio, and serum al-
kaline phosphatase traditionally have been used to
monitor bone metabolism. Newer, more specific and
sensitive markers are derived from the degradation
products of Type I collagen and include NTX and
C-telopeptide and the associated pyridinium cross-
links, DPD and PYD.44,54,55 In particular, NTX is
emerging as a useful, specific, and sensitive marker
with which to monitor response to bisphosphonate
therapy in cancer patients with bone metastases. Sev-

eral studies suggest that bisphosphonate-induced im-
provement in lytic bone disease is associated with
substantial decreases in the urinary levels of NTX and
other bone markers.40 – 43 In some of these studies
normalization of NTX excretion was associated with a
reduction in the incidence rate of fractures42 and dis-
ease progression.40,42

In the current study, zoledronic acid suppressed
all bone resorption markers at doses $ 2 mg through-
out the 8-week trial with a trend toward greater sup-
pression at higher doses. After treatment with 1 mg of
zoledronic acid, NTX and DPD decreased maximally at
Week 1, but subsequently increased incrementally and
continuously from Week 2 through Week 8, indicating
renewed bone resorption. This trend begins to suggest
a dose-response relation at doses of zoledronic acid
, 2 mg over the 8-week observation period. It is im-
portant to note that the bone marker data indicate
that zoledronic acid at doses $ 2 mg is highly effective
at maintaining the suppression of bone resorption.
Lipton et al. reported that fractures and disease pro-
gression were experienced by only 42% and 25% of
pamidronate-treated patients, respectively, after nor-
malization of NTX, compared with 89% and 78%, re-
spectively, of pamidronate-treated patients whose
NTX levels remained abnormal.42 Similar therapeutic
benefits may occur after normalization of NTX by
treatment with zoledronic acid.

The results of the current study are supported by
another Phase I trial that assessed the safety and effi-
cacy of 0.1– 8 mg of zoledronic acid in cancer patients
with osteolytic bone metastases.44 Zoledronic acid was
administered at monthly intervals for at least 3
months as a short 5-minute infusion. The results of
that study indicated that zoledronic acid was safe and
well tolerated at all dose levels tested. Furthermore,
urinary markers of bone resorption (PYD, DPD, hy-
droxyproline, and calcium) remained 20 –75% below
baseline at zoledronic acid doses of $ 1.5 mg at study
end, and a dose-response relation was demonstrated
between increasing doses of zoledronic acid and the
extent and duration of bone marker suppression.
These levels of suppression are similar to those ob-
served in the current trial. Suppression of calcium/
creatinine and hydroxyproline/creatinine ratios with
2– 8 mg zoledronic acid ranged from 45–72% and 32–
45% respectively, below baseline. In comparison, 90
mg of pamidronate reduced calcium/creatinine and
hydroxyproline/creatinine ratios by only approxi-
mately 27–32% and 20 –33% from baseline, respec-
tively, in patients with breast carcinoma and advanced
multiple myeloma.2,21,50,51 These results suggest that
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2– 8 mg of zoledronic acid may be more effective than
90 mg of pamidronate.

The results of the current study and another Phase
I trial44 show that zoledronic acid at doses $ 1.5–2 mg
were highly effective at suppressing markers of bone
resorption. In a Phase II comparative trial in cancer
patients with bone metastases, 2 mg or 4 mg of
zoledronic acid was at least as effective as 90 mg of
pamidronate in preventing skeletal complications of
osteolytic bone disease and in suppressing urinary
markers of bone resorption.56 This comparative trial
suggests that the most effective dose of zoledronic
acid may not have been reached and that higher doses
may be shown to be more effective. This was the
rationale for increasing the dose levels to 4 mg and 8
mg, of zoledronic acid in later Phase II/III trials. Ac-
cordingly, a recently completed Phase II trial demon-
strated that 4 mg and 8 mg of zoledronic acid was
superior to 90 mg of pamidronate in normalizing cor-
rected serum calcium in cancer patients with moder-
ate to severe hypercalcemia.57 It is important to note
that this trial as well as a randomized Phase II study56

showed no difference in the incidence rate of renal
events between the zoledronic acid and pamidronate
arms. These results are consistent with the findings
from the current study and another Phase I study.44

Although to our knowledge no current data exist to
suggest that zoledronic acid is associated with addi-
tional renal problems, the occurrence of nephrotoxic-
ity from the long term administration of zoledronic
acid compared with pamidronate will be determined
from the results of ongoing large Phase III trials eval-
uating the prevention of skeletal complications using
this new bisphosphonate.

The results of the current study demonstrated that
a short duration, single intravenous bolus injection of
zoledronic acid is safe and well tolerated, and effec-
tively suppressed bone resorption for up to 8 weeks.
Zoledronic acid is a promising, highly potent, hetero-
cyclic, nitrogen-containing bisphosphonate that may
simplify current treatment regimens and improve the
therapeutic effectiveness of bisphosphonate therapy
for osteolytic bone disease. No increased suppression
of the surrogate markers of bone resorption beyond
the 4 – 8 mg doses was observed in this or the other
Phase I study,44 which makes it unlikely that higher
doses will be any more effective in the prevention of
skeletal complications. However, preclinical studies
suggest that zoledronic acid may have therapeutic
effects beyond those described in the current study,
and may induce apoptosis in tumor cells and oste-
oclasts, potentially altering the overall course of pa-
tients with metastatic bone disease.37,58 – 60 These ob-

servations currently are being assessed in Phase II/III
trials, which either are currently underway or are
planned and will test the ability of 8 mg of zoledronic
acid to prevent the development of bone metastases
in patients with carcinomas of the breast and prostate.
In addition, future clinical studies may evaluate even
higher doses of this drug, which may be required to
demonstrate the antitumor effect that has been sug-
gested from the preclinical studies.
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