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Abstract: Zoledronic acid (ZA), a highly potent intravenous bisphosphonate (BP), has been increasingly

used in children with primary and secondary osteoporosis due to its convenience of shorter infusion time

and less frequent dosing compared to pamidronate. Many studies have also demonstrated beneficial effects

of ZA in other conditions such as hypercalcemia of malignancy, fibrous dysplasia (FD), chemotherapy-

related osteonecrosis (ON) and metastatic bone disease. This review summarizes pharmacologic properties,

mechanism of action, dosing regimen, and therapeutic outcomes of ZA in a variety of metabolic bone

disorders in children. Several potential novel uses of ZA are also discussed. Safety concerns and adverse

effects are also highlighted.
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Introduction

Bisphosphonates (BPs) have been used widely since the
1990s and are considered a cornerstone for the treatment
of osteoporosis (1). This class of drug has also been used to
treat a variety of bone disorders other than osteoporosis in
adults, such as Paget’s disease of bone, multiple myeloma,
hypercalcemia and bone metastasis (2). Since the landmark
report of its successful use in 1998 in a large series of
children with osteogenesis imperfecta (OI), BPs have been
increasingly used in children suffering from primary and
secondary osteoporosis, as well as various skeletal disorders.
Pamidronate, a second generation BP is the most widely
used intravenous BP. It is given as a 4-hour intravenous
infusion for 3 consecutive days in cycles every 2—4 months
for an annual dose of 9 mg/kg. It has several beneficial
effects in children with OI: increased bone mineral density
(BMD), reduced fracture rate, and substantial improvement
in functional status. More recently, several studies have
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demonstrated that zoledronic acid (ZA), a more potent
third generation BP, can be used safely and effectively in
childhood osteoporosis. ZA treatment offers greater ease
and convenience of use, as compared to pamidronate, as it is
administered as a single intravenous infusion over a shorter
duration of 30 minutes, with a longer interval between
infusions. This dosing schedule greatly reduces the need for
repeated venous cannulation, and is more cost effective in
terms of health care utilization. This makes ZA an attractive
and efficient treatment option. This article describes the
pharmacologic properties of ZA and summarizes safety and
efficacy findings from clinical studies of its use in children
with various skeletal disorders.

Mechanism of action and pharmacokinetics

ZA is a member of the nitrogen-containing BPs, a third
generation which has higher potency in decreasing
osteoclast-mediated bone resorption compared to other
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Figure 1 Chemical structures of BP and ZA. (A) General
structure of BP. Side chain R, and R, can be modified to alter
the hydroxyapatite binding capability and the potency of BP; (B)
structure of ZA with an imidazole-ring side chain containing 2
critically positioned nitrogen atoms. BP, bisphosphonate; ZA,

zoledronic acid.

drugs in its class (1,2). Structurally, all BPs have the required
phosphorus-carbon-phosphorus core and various side
chains, with a hydroxyl group at the R, position (Figure 1A).
Substitution of side chain at location R, and R, determines
the potency of anti-resorption and how avidly the BPs
attach to bone (Figure I). First generation BPs (etidronate
and clodronate) have alkyl or halide side chains. Second-
generation BPs, such as alendronate and pamidronate,
have amino-terminal groups and therefore, are known as
aminobisphosphonates. Second-generation BPs have an
increased antiresorptive potency of 10-100 times the previous
generation. ZA and risedronate, third-generation BPs, have a
cyclic side chain. The heterocyclic imidazole group attached
to the R, position makes ZA more potent compared to
other BPs. Like other nitrogen-containing BPs, ZA inhibits
farnesyl pyrophosphate synthase (FPPS), a major regulatory
enzyme, essential for the osteoclast formation and function,
thus inhibiting bone resorption and inducing osteoclastic
apoptosis (3). In vitro, ZA has the highest affinity for binding
hydroxyapatite in mineralized bone, when compared with
alendronate, ibandronate, or risedronate (4). The high
binding affinity of ZA for mineralized bone accounts for
its long duration of action. ZA is 850 times more potent
than pamidronate in inhibiting osteoclast-mediated bone
resorption and 150 times more potent than pamidronate in
increasing trabecular bone mass (3). Indeed, it is the most
potent BP (5). Recent evidence indicates that ZA not only
inhibits osteoclast activity, but also exerts anabolic activity
by stimulation of osteoblast differentiation (6). This may
explain the superior efficacy of ZA in increasing bone
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density compared to other BPs.

After intravenous infusion, plasma concentrations of
ZA increase rapidly and rapidly decline to <1% of maximal
concentration after 24 hours (7). ZA is not metabolized and
does not inhibit CYP enzymes. About 55% of the dose is
taken up by bone where it is retained for years and released
back into the systemic circulation very slowly. The remaining
45% of a dose is excreted unchanged in urine within
24 hours. As renal excretion is the main route of elimination,
ZA dose should be reduced and used with caution when
creatinine clearance is <60 mL/min. ZA is contraindicated in
patients with creatinine clearance <35 mL/min or evidence
of acute renal impairment. Though ZA does not undergo
hepatic metabolization, the effects of hepatic impairment on
the pharmacokinetics of ZA have not been studied.

Therapeutic uses of ZA in children

Since early 2000s, ZA has been investigated as potential
treatment for children and adults with OI (8) and
osteoporosis associated with chronic illnesses with report
of positive outcome first appeared in 2004 (9). The use
of ZA has expanded to many other conditions, including
hypercalcemic disorders, osteonecrosis (ON), and malignant
bone diseases, all of which are used on a compassionate
basis in the US. Most of the studies that report positive
outcomes with ZA are uncontrolled studies or case series.
Currently, none of BP drug class, including ZA, has been
approved by the US Food and Drug Administration (FDA)
for the treatment of osteoporosis or any bone and mineral
disorders in children. As shown in 7able 1, ZA has shown
beneficial effects in the treatment of primary and secondary
osteoporosis and various skeletal disorders. Common
disorders are discussed in this review.

Childhood osteoporosis

Osteoporosis is defined as a systemic skeletal disease
characterized by compromised bone strength, and
microarchitectural deterioration of bone, leading to
fragility fractures. There has been increasing awareness of
osteoporosis in children in the past 2 decades. The diagnosis
of osteoporosis in children should not be made on the basis
of densitometric criteria alone (10). The presence of bone
fragility with a history of clinically significant fractures and
BMD Z score <-2.0 are required for diagnosis of pediatric
osteoporosis according to the International Society for
Clinical Densitometry (ISCD) (10). A clinically significant
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Table 1 Conditions for which ZA has beneficial effects in pediatric
patients

Primary osteoporosis
Ol
FD
Secondary osteoporosis associated with chronic diseases
GIO
Immobility-induced osteoporosis
Cerebral palsy
DMD
Spinal cord injury
Crohn’s disease
Hypercalcemic disorders
1,25 dihydroxy-vitamin D-mediated hypercalcemia
Malignancy-induced hypercalcemia

Chemotherapy-related ON

ZA, zoledronic acid; Ol, osteogenesis imperfecta; FD, fibrous
dysplasia; GlO, Glucocorticoid-induced osteoporosis; DMD,
Duchenne muscular dystrophy; ON, osteonecrosis.

fracture history >2 long bone fractures occurring by 10 years
of age or >3 long bone fractures occurring by 19 years of
age (10). Vertebral fracture in the absence of high energy
trauma or local disease is pathognomonic for osteoporosis
and can allow the diagnosis without detection of significantly
low bone density by DEXA (10). Screening for vertebral
fractures in children with risk factors for osteoporosis is
essential. Prior vertebral fractures are a powerful predictor
of future fractures and when present are an indication for
treatment with BPs (11). Many children with primary and
secondary osteoporosis have radiographically detected
vertebral fractures (loss of at least 20% of vertebral body
height) without any clinical symptoms (12). Surveillance
of vertebral fractures in children at risk for osteoporosis,
particularly in those treated with chronic glucocorticoids
(GCs), is obtained by spinal radiographs, or vertebral fracture
assessment using a densitometric lateral spinal imaging.
The latter imaging technique has the advantage of being
performed at the time of dual energy X-ray absorptiometry
(DXA) scan, thus offering convenience for the patient and
a substantially lower radiation exposure than a traditional
spinal radiograph. While the diagnosis of osteoporosis
requires the presence of both a clinically significant fracture
history and low bone mineral content (BMC) or BMD, the
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ISCD emphasizes that children who have fragile bones with
increased fracture risk can still have normal BMD (BMD
Z score >-2) as assessed by DXA (10). In other words, in
children normal BMD does not exclude the possibility of
bone fragility. For detailed discussion of management of
pediatric osteoporosis with diagnostic approach algorithm,
the reader is referred to an excellent recent review (13).

Osteoporosis in children is clinically heterogeneous with
a broad range of etiologies. It can be classified into two
groups: primary osteoporosis or genetic brittle bone disease,
and secondary osteoporosis due to underlying chronic
diseases (13). Studies of ZA in children with primary and
secondary osteoporosis with BMD and fractures outcome
as well as adverse effects are summarized in Table 2. It is
important to emphasize the benefits of other conservative
measures to optimize bone health in children with
osteoporosis before embarking upon ZA treatment. These
include treating the underlying condition causing bone
fragility ensuring adequate weight-bearing exercise, and
adequate vitamin D and calcium intake.

Primary osteoporosis

Primary osteoporosis occurs due to an intrinsic skeletal
defect of genetic origin such as OI, Ehlers-Danlos
syndrome, homocystinuria, Marfan’s syndrome, and or
juvenile idiopathic osteoporosis. OI is the most common
cause of primary osteoporosis and is characterized by bone
fragility, increased risk of fracture, skeletal deformity, and
disability. It is the most common clinical condition for
which BP therapy is used in children. All studies of ZA in
children with moderate to severe OI (type 111, IV) and/
or OI type 1 with multiple fractures have demonstrated
improved BMD and reduced fractures (8,14-16). One
randomized open-label study showed greater increase in
lumbar spine BMD in the ZA treated group compared with
the pamidronate group (8).

Fibrous dysplasia (FD) is a benign fibro-osseous bone
disease characterized by the replacement of bone with
cellular fibrous tissue and this condition may be associated
with bone pain and fragility fractures. Treatment with
pamidronate in six pediatric patients with FD showed
improvement in bone pain and radiographic features of
FD (22). ZA treatment at the dose of 0.05 mg/kg resulted
in resolution of pain and improvement in bone lesions in a
12-year-old boy with craniofacial FD (23).

Secondary osteoporosis
Secondary osteoporosis is caused by a variety of different
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underlying chronic illnesses that adversely affect bone mass
accrual and/or maintenance (7ible I). The most common risk
factors associated with secondary osteoporosis in children are
immobility, chronic GC therapy, inflammatory conditions,
chemotherapy, hypogonadism, and poor nutrition. Often
these risk factors overlap within individual patients.

Steroids-induced osteoporosis

Glucocorticoid-induced osteoporosis (GIO) is a serious
consequence of chronic GC therapy (>3 months) leading to
fractures in 30-50% of patients (24,25). Bone loss from high
dose GCs is biphasic with a rapid initial phase during the
first few months, followed by a slower but steady phase with
continued use. The early rapid bone loss from GCs is due
to its effects on increasing bone resorption while inhibiting
bone formation. GCs stimulate osteoclast bone resorption
by suppressing synthesis of osteoprotegerin (an inhibitor of
osteoclast differentiation) and by stimulating synthesis of
the receptor activator of nuclear factor kappa-B (RANK),
which activates osteoclasts (26). Suppression of bone
formation is the predominant effect of long-term GC use,
which is mediated by inhibition of osteoblasts and apoptosis
of mature osteoblasts and osteocytes. In addition, GCs also
result in reduced intestinal calcium absorption, increased
renal calcium excretion, and diminished sex steroid and
growth hormone production, all of which contribute to
bone loss. GCs have a predilection for trabecular bone,
particularly vertebrae, which increase the risk and rate of
vertebral compression fractures. BPs are indicated in the
prevention and treatment of steroid-induced osteoporosis
and to reduce the risk of vertebral fractures in adults (27).
Limited published data exist on the use of BPs for GIO
in children. GIO is prevalent in children with Duchene
muscular dystrophy treated with long term GCs and
many studies have reported positive outcome (28,29). It
is important to note that there is potential for recovery of
bone density with reduced fracture risk to expected for age
in children once GCs are discontinued (30,31).

Immobilization osteoporosis associated with
neuromuscular disorders

Non-ambulatory children with neuromuscular disorders
such as spastic quadriplegic cerebral palsy, spinal muscular
dystrophy, and myelomeningocele, are at risk for fragility
fractures and low bone density. Collectively immobility-
related osteoporosis due to neuromuscular disorders
comprises by far the largest number of children with
osteoporosis at our pediatric institution and this observation
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likely holds true at most pediatric referral centers. The
prevalence of low bone mass was found in almost all
(97%) children >9 years with moderate and severe cerebral
palsy (32), while fracture prevalence was 26% in children
>10 years (32), and increased with increasing age (33).
Multiple risk factors contribute to bone fragility in this
population, include immobilization, limited weight-bearing
ambulation, lack of muscular forces on bone, decreased
exposure to sunlight, nutritional deficiencies with low
calcium and vitamin D intake and antiepileptic agents (34).
A recent study in this patient population showed that ZA
increased lumbar BMD by 28%, and produced a net gain
in lumbar BMD Z score by 1.76 after 1 year (21), similar to
27% gain in BMD (35), and 1.5 point gain in Z-score (36)
observed in a similar group of patients after 1 year of
pamidronate therapy.

Males with Duchenne muscular dystrophy (DMD), an
X-linked recessive disorder characterized by progressive
muscle weakness, with eventual loss of ambulation, also have
significantly increased risks for osteoporosis secondary to
multiple factors, including long-term corticosteroid therapy
(used to prolong ambulation and maintain muscle strength
and pulmonary function), chronic inflammation from lack of
dystrophin gene in the muscles, reduced mobility, delayed
puberty and poor growth. Prevalence of fragility fractures
of long bones and vertebrae range from 25-60% (28). BP
therapy has been shown to increase BMD, and IV BP with
either pamidronate or ZA showed significant improvement
of back pain after vertebral fracture in affected children
within a month after starting therapy (19,37-39). Although
BPs are currently the most effective therapy for steroid-
induced osteoporosis in DMD, long term safety and efficacy
remain unclear. Since reduced bone formation with low
trabecular volume and low cortical thickness is characteristic
in DMD even before BP therapy, and bone turnover
declines further with BP treatment (40), newer treatments
that stimulate bone formation may be superior options for
this and other types of low bone turnover osteoporosis in
children.

A study in growing Mdx mice (mouse model of DMD)
showed that pamidronate treatment not only increased
cortical BMD and bone strength, but also had positive effects
on skeletal muscle with decreased serum and muscle creatine
kinase and evidence of improved muscle histology and muscle
strength (41). These results support the finding from one
study in Canada that showed BP treatment improved survival
in patients with DMD (42), which may be at least partially
explained by the positive effects of BPs on muscles.

Transl Pediatr 2017;6(4):256-268
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Chemotherapy-related ON

ON is a well-recognized complication of chemotherapy
in children and adolescents with acute lymphoblastic
leukemia (ALL) or lymphoma, resulting in acute and
long term disability with chronic pain. It usually develops
within 1-2 years following chemotherapy, with hip and
knee are the most frequently affected joints. GC use
has been implicated as a major etiological factor in the
development of ON in this patient group. Other risk
factors include age >10 years, female gender, Caucasian
race, and higher body mass index (43). In a large cohort
of 251 pediatric patients with ALL, 18 patients (7.2%)
developed ON (44). Pain improved after treatment with
intravenous ZA, given at 0.025 mg/kg/dose at 12 weekly
interval, for 1-2 years. However, most patients with ON
of the hips still demonstrated radiological progression, and
16% of patients required arthroplasty (44) despite ZA use.

Hypercalcemic disorders

BPs are effective treatment for severe hypercalcemia
due to their inhibiting effects on osteoclast-mediated
release of calcium into the serum. BP use should be
reserved for severe, refractory hypercalcemia unresponsive
to other measures (saline hydration, loop diuretics,
GCs, or calcitonin). ZA has been frequently utilized in
hypercalcemia of malignancy in adults. In two randomized,
controlled clinical trials in adults, ZA was superior to
pamidronate in treatment of hypercalcemia of malignancy,
with normalization of serum calcium levels occurring by
day 4 in approximately 50% of patients treated with ZA
and in only 33.3% of the pamidronate-treated patients (45).
Hypercalcemia of malignancy in children is often associated
with ALL due to elevated parathyroid hormone-related
protein or calcitriol produced by the tumors, or osteolytic
metastases with local release of osteoclast-activating
factors (46). A few case reports of ZA in hypercalcemia of
malignancy in children showed resolution of hypercalcemia
within 24-48 hours after a single dose of ZA. The
ZA dose used in these reports were 0.025 mg/kg (47),
0.05 mg/kg (48), and 4 mg (49). There is a recent
case report of an 8-week old infant with calcitriol-
mediated hypercalcemia associated with preumocystis
Jiroveci pneumonia who was successfully treated with ZA
(cumulative dose of 0.1 mg/kg over 3 consecutive days) (50).
Marked hypercalcemia (serum calcium of 24.3 mg/dL) in
this case normalized 2 weeks after ZA infusion.
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Malignant bone tumor

ZA has demonstrated efficacy in reducing skeletal-related
events in adult patients with metastatic bone disease (51).
Furthermore, ZA has beneficial effects beyond bone health,
as it may prolong disease-free and/or overall survival in
patients with breast cancer (52) and multiple myeloma (52).
A retrospective study of 15 pediatric patients (mean age
12.5 years) with primary malignant bone disease or
metastatic bone disease from various cancers demonstrated
that ZA can improve pain control and stabilize bone
disease (53). In this report, ZA was well tolerated even in
some patients who received multiple high doses (4 mg in
patients >10 years of age). There is recent evidence that ZA
has a direct antitumor effect, and synergistically augment
the effects of antitumor agents in osteosarcoma cells as
well as soft tissue sarcoma cells (54). High doses of ZA
are currently being evaluated in phase III clinical trials in
Europe for the treatment of malignant pediatric primary
bone tumors (55).

Potential novel uses of ZA

ZA has potential for use to prevent sickle bone disease
in patients with sickle cell disease. Pain and skeletal
complications, which can be acute or chronic, are important
causes of morbidity in sickle cell disease (56). The acute
bone complications are painful vaso-occlusive crisis,
osteomyelitis, or stress fractures, whereas chronic bone
complications include vertebral collapse, compression spine
deformities, ON, and osteoporosis. The likely mechanism
for the development of sickle bone disease is due to
recurrent vaso-occlusive crisis with ischemic/reperfusion
injury which suppresses osteogenic lineage and activates
osteoclasts (57). ZA has been shown to prevent development
of sickle cell bone disease and bone loss in sickle cell
disease mice by inhibiting osteoclast activity and promoting
osteogenic lineage (57). At present, there has been no report
of BP treatment in children with sickle bone disease in the
literature.

Beyond bone health, ZA may also have therapeutic
potential as substrate reduction therapy for Krabbe’ disease,
a neurodegenerative disorder caused by accumulation
of psychosine, due to deficiency of lysosomal enzyme
galactocerebrosidase. ZA has been identified as selective
inhibitor of human ceramide galactosyltransferase that
may prevent pathological storage of this highly cytotoxic
glycolipid substrate in lysosomal storage disorders (58).
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Safety and adverse effects of BPs
Acute phase reaction (APR)

APR, manifesting as flu-like symptoms including low-
grade fever, nausea, myalgia and bone pain, or fatigue, is
the most common adverse effect of ZA and, when it occurs,
typically develops within 48 hours after the first infusion.
The frequency varies from 19% to 70% in reported
series (59,60). Subsequent ZA infusion induces no APR
symptoms or much milder degree of APR than at first
exposure. Unfortunately, some patients who experience an
APR are reluctant to receive further treatment and thus
steps to prevent this reaction are clearly warranted. APR
is associated with elevated levels of the pro-inflammatory
cytokines IL-6, IFN-y, and TNF-a (61). We recommend
pretreatment with non-steroidal anti-inflammatory
drugs (ibuprofen) prior to each ZA infusion, as has been
reported by our group to reduce the APR associated with
intravenous BP therapy (62). Severe systemic inflammatory
response following ZA infusion has been recently reported
in only one case, a 7-year-old child who developed shock,
multiple organ dysfunction syndrome following first ZA
infusion (63). This child had underlying complex medical
conditions and had previously been treated with four cycles
of pamidronate. He received botulinum toxin 1 day before
ZA infusion and his home medications included baclofen,
clonazepam, gabapentin, levetiracetam, levocarnitine,
and levothyroxine. This child recovered after supportive
intensive care and corticosteroids treatment. Because of the
inflammatory response following ZA, one might consider
using pretreatment with GCs to mitigate the reaction.
However, a recent randomized controlled study using single-
dose dexamethasone 4 mg did not reduce the incidence or

severity of APR following first exposure to ZA (64).

Hypocalcemia and hypophosphatemia

In 2004, the first study of ZA use in 34 children reported
high rate of flu-like illness (85%), hypocalcemia (74%),
and hypophosphatemia (82%), following the first dose of
0.02-0.025 mg/kg (9). Subsequently, a lower initial dose
of 0.0125 mg/kg was used which resulted in reduction of
the frequency (42%) and intensity of hypocalcemia, but no
change in the incidence of flu-like symptoms (60). Though
this reduced hypocalcemia rate of 42% is similar to that
reported in children with OI treated with intravenous
pamidronate, others have reported lower rates of
symptomatic hypocalcemia (3% to 21%) in children treated
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with ZA (59,65). Hypophosphatemia was reported in 25%
of 81 children following ZA treatment and was dose-
related, that is more common in patients receiving ZA dose
>0.025 mg/kg (27).

A low vitamin D level appears to be a strong risk factor
for APR and pain following BP infusion (66), as well as
for hypocalcemia (13). Therefore, it is important to have
vitamin D sufficiency (25-vitamin D level >30 ng/dL) prior
to BP treatment. Calcium supplementation for 10 days
before and after ZA infusion should be given to reduce the
risk of postinfusion hypocalcemia.

Atypical femoral fractures (AFF)

In adults with osteoporosis, AFF were first reported in 2005 as
a rare adverse event associated with long term BP therapy (67).
The absolute risk of AFFs in adult patients on BPs ranges
from 3.2 to 50 cases per 100,000 person-years (68). Fractures
are ‘atypical’ in that they involved the strongest part of the
femur, from the subtrochanteric to supracondylar regions.
They are pathologic fractures associated with low energy or
no trauma with characteristic radiographic features of non-
comminuted transverse or short oblique fracture lines (68).
Delayed fracture healing is sometimes associated with AFFs.
Severe suppression of bone remodeling associated with long-
term BP therapy, with accumulation of micro-fractures and
increased bone stiffness, are the likely mechanisms of AFFs.
There have been reports of AFFs in seven children with OI
on long-term pamidronate therapy (5 to 11 years), 6 of whom
had preexisting intramedullary rods (69,70). Another young
adult male with OI treated with pamidronate initially, followed
by oral alendronate from age 10 to 18 years developed
AFF at age 21, 3 years after stopping BP therapy (71).
As BP therapy suppresses bone turnover markers in children
with bone fragility (72), monitoring bone turnover markers
during the course of ZA therapy is essential to avoid over
suppressed bone remodeling that may result in AFFs. Whether
other approaches such as low-frequency and/or low-dose long-
term BP therapy or drug holidays may prevent development of
AFF should be explored.

Dental development and risk of ON of the jaw

A recent study compared BP-treated OI children with
BP naive children and found that BP treatment in OI
had normal rate of dental development indistinguishable
from normal (73). This is due to the fact that OI patients
naive to BPs had advanced dental age by 0.63 years from
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Table 3 ZA administration guidelines

Bowden and Mahan. ZA in pediatric bone disorders

Zoledronic acid dosage for osteoporosis

<2 years old: 0.0125 mg/kg IV first dose, then 3 months later, 0.025 mg/kg IV every 3 months

>2 years old: 0.0125 mg/kg IV first dose, then 3 months later, give 2nd dose at 0.025 mg/kg*

The 3rd (6 months from start) and subsequent doses: 0.05 mg/kg (max dose 4 mg) IV every 6 months

If lumbar spine BMD Z score >-2, reduce zoledronic acid dose to 0.025 mg/kg g 6 months

If lumbar spine BMD Z score >0, reduce zoledronic acid dose to 0.025 mg/kg g 12 months

IV administration site

Peripheral or central IV: diluted in 50-100 mL normal saline infused over 30 min; maximum concentration 0.05 mg/mL

IV administration comments

Acetaminophen or ibuprofen may be ordered for premedication 30 minutes prior to the infusion and again in 6 hours to prevent fever

Monitoring comments

Monitor vital signs, including heart rate, respiratory rate and blood pressure before infusion and 15 minutes after infusion is completed

Resume routine vital sign monitoring, including monitoring temperature every 4 hours and strict intake and output monitoring

Telemetry or bedside cardiac monitoring should be used for patients with a history of syncope, symptomatic tachycardia, heart
conditions, or if reactions such as hypertension, tachycardia or a history of electrocardiogram changes while receiving other

bisphosphonate therapy (i.e., pamidronate)

Patients who have preexisting anemia, leukopenia, or thrombocytopenia should have complete blood count monitored closely in the first

2 weeks following infusion

The recommended dosage is based on the regimen developed by Trejo and Rauch (75) for children with Ol. Dosage for children with bone
disorders other than Ol should be individualized. *, a second dose at 0.0375 mg/kg given 6 weeks after the first dose is used by some
authors (76). IV, intravenous; ZA, zoledronic acid; Ol, osteogenesis imperfecta; BMD, bone mineral density.

chronological age because BP naive OI patients have faster
resorption of the deciduous teeth than the treated ones.
Therefore, the net effect is normal timing of secondary
dentition in BP-treated OI patients. ON]J represents a
severe dento-alveolar bone defect related to poor bone
healing. Although the association of increased ON]J rates in
adults treated with high dose BPs has been fully established,
to date, there has been no reported case of ONJ in children
treated with BPs (74).

ZA dosage and administration

Though various dosages of ZA for osteoporosis have
been utilized in published studies (7able 2), the dose of
0.1 mg/kg/year divided into 2 doses per year given as
0.05 mg/kg/dose every 6 months (20,75) has had the
widest acceptance. The lower initial dose at 0.0125 mg/kg
reduces the likelihood and severity of hypocalcemia (60). In
our institution, all patients are hospitalized for one night
(<24 hours) during the first infusion. Subsequent infusions
are given at the infusion clinic or given at home by a
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home health nurse. We recommend pretreatment with
acetaminophen or ibuprofen prior to and 6 hours after
intravenous ZA infusion to minimize APR and then as
needed if fever, myalgia or bone pain is a continuing
concern (62). APR usually does not occur with subsequent
doses of ZA. When used for primary or secondary
osteoporosis, we require a DXA for BMD assessment
obtained at baseline and yearly to guide adjustment of
therapy with a goal of achieving and maintaining the
lumbar BMD Z score near 0 or in the 0 to +1 range. This
is usually accomplished through decreasing the doses
and frequency after 2 years of initial ZA therapy. This
approach results in significant increase in lumbar spine
BMD Z score in the first 3 years and then plateauing of
the BMD for age and size after 3—4 years of therapy (21).
The recommended dosage based on age, including dose
and frequency reduction according to lumbar spine
areal BMD Z score proposed by Rauch (75) and the
administration guidelines are summarized in Table 3.
For children with underlying disorders that continue to
adversely affect bone health (e.g., OI or long term GC
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therapy), the therapy should be continued until completion
of linear growth to avoid metaphyseal fractures at the
junction of treated dense bone and the new (untreated)
thinner bone after BP discontinuation (77). A recent
report of a child with OI, while on ZA every 6 months
for 3 years, who had a fracture at a sclerotic metaphyseal
line (76), raises the question whether children with high
bone turnover, such as in OI, may benefit from more a
frequent low dose treatment regimen. On the other hand,
children with secondary or low bone turnover osteoporosis
(such as Duchene muscular dystrophy on chronic GCs)
may benefit from a different dosing frequency. Studies in
adults suggest that the efficacy of BPs (including ZA) on
fracture prevention reaches a plateau after 4-5 years (78).
Whether this phenomenon is the same in children will
require longitudinal studies to assess long term safety and
anti-fracture efficacy of BPs. Well-constructed studies
with large number of subjects will certainly be needed
to identify effective dosing regimen and optimal length
of therapy for children with all forms of osteoporosis
and bone disorders. Given the paucity of long term
safety and efficacy data of ZA in children, ZA should be
used judiciously and prescribed only by physicians with
experience and expertise in treating metabolic disease in
children.

Conclusions

ZA is a highly potent anti-resorptive BP with superior
efficacy in fracture reduction compared to other BPs. Its
use in children has expanded from primary and secondary
osteoporosis to various disorders, including hypercalcemia
of malignancy, FD, chemotherapy-related ON, as well as
bone neoplasms with positive outcomes. Long term studies
are needed to determine optimal dosing regimen and length
of therapy that will result in lasting positive results for
children with these conditions.
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