426e-4

infusions in those with higher levels of ALP. In many patients, particularly those who have severe disease or need rapid normalization
of bone turnover (neurologic symptoms, severe bone pain due to
a lytic lesion, risk of an impending fracture, or pretreatment prior
to elective surgery in an area of active disease), treatment with
zoledronic acid is the first choice. It normalizes ALP in about 90%
of patients by 6 months, and the therapeutic effect persists for at
least 6 more months in most patients. About 10–20% of patients
experience a flulike syndrome after the first infusion, which can be
partly ameliorated by pretreatment with acetaminophen or nonsteroidal anti-inflammatory drugs (NSAIDs). In patients with high bone
turnover, vitamin D and calcium should be provided to prevent
hypocalcemia and secondary hyperparathyroidism. Remission following treatment with IV bisphosphonates, particularly zoledronic
acid, may persist for well over 1 year. Bisphosphonates should not
be used in patients with renal insufficiency (glomerular filtration rate
<35 mL/min).
The subcutaneous injectable form of salmon calcitonin
is approved for the treatment of Paget’s disease. The common
side effects of calcitonin therapy are nausea and facial flushing.
Secondary resistance after prolonged use may be due to either
the formation of anticalcitonin antibodies or downregulation of
osteoclastic cell–surface calcitonin receptors. The lower potency
and injectable mode of delivery make this agent a less attractive
treatment option that should be reserved for patients who either
do not tolerate bisphosphonates or have a contraindication to their
use. In early reports, denosumab, an antibody to RANKL, has shown
promise but has not been approved for this indication.
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OSTEOPETROSIS
Osteopetrosis refers to a group of disorders caused by severe impairment of osteoclast-mediated bone resorption. Other terms that are
often used include marble bone disease, which captures the solid x-ray
appearance of the involved skeleton, and Albers-Schonberg disease,
which refers to the milder, adult form of osteopetrosis also known as
autosomal dominant osteopetrosis type II. The major types of osteopetrosis include malignant (severe, infantile, autosomal recessive)
osteopetrosis and benign (adult, autosomal dominant) osteopetrosis
types I and II. A rare autosomal recessive intermediate form has a
more benign prognosis. Autosomal recessive carbonic anhydrase (CA)
II deficiency produces osteopetrosis of intermediate severity associated
with renal tubular acidosis and cerebral calcification.
Etiology and Genetics Naturally occurring and gene-knockout animal
models with phenotypes similar to those of the human disorders have
been used to explore the genetic basis of osteopetrosis. The primary
defect in osteopetrosis is the loss of osteoclastic bone resorption and
preservation of normal osteoblastic bone formation. Osteoprotegerin
(OPG) is a soluble decoy receptor that binds osteoblast-derived RANK
ligand, which mediates osteoclast differentiation and activation (Fig.
426e-1). Transgenic mice that overexpress OPG develop osteopetrosis,
presumably by blocking RANK ligand. Mice deficient in RANK lack
osteoclasts and develop severe osteopetrosis.
Recessive mutations of CA II prevent osteoclasts from generating
an acid environment in the clear zone between its ruffled border and
the adjacent mineral surface. Absence of CA II, therefore, impairs
osteoclastic bone resorption. Other forms of human disease have less
clear genetic defects. About one-half of the patients with malignant
infantile osteopetrosis have a mutation in the TCIRG1 gene encoding
the osteoclast-specific subunit of the vacuolar proton pump, which
mediates the acidification of the interface between bone mineral and
the osteoclast ruffled border. Mutations in the CICN7 chloride channel
gene cause autosomal dominant osteopetrosis type II.
Clinical Presentation The incidence of autosomal recessive severe
(malignant) osteopetrosis ranges from 1 in 200,000 to 1 in 500,000 live
births. As bone and cartilage fail to undergo modeling, paralysis of

one or more cranial nerves may occur due to narrowing of the cranial
foramens. Failure of skeletal modeling also results in inadequate marrow space, leading to extramedullary hematopoiesis with hypersplenism and pancytopenia. Hypocalcemia due to lack of osteoclastic bone
resorption may occur in infants and young children. The untreated
infantile disease is fatal, often before age 5.
Adult (benign) osteopetrosis is an autosomal dominant disease
that is usually diagnosed by the discovery of typical skeletal changes
in young adults who undergo radiologic evaluation of a fracture.
The prevalence is 1 in 100,000 to 1 in 500,000 adults. The course is
not always benign, because fractures may be accompanied by loss of
vision, deafness, psychomotor delay, mandibular osteomyelitis, and
other complications usually associated with the juvenile form. In some
kindred, nonpenetrance results in skip generations, while in other
families, severely affected children are born into families with benign
disease. The milder form of the disease does not usually require treatment.
Radiography Typically, there are generalized symmetric increases
in bone mass with thickening of both cortical and trabecular bone.
Diaphyses and metaphyses are broadened, and alternating sclerotic
and lucent bands may be seen in the iliac crests, at the ends of long
bones, and in vertebral bodies. The cranium is usually thickened, particularly at the base of the skull, and the paranasal and mastoid sinuses
are underpneumatized.
Laboratory Findings The only significant laboratory findings are
elevated serum levels of osteoclast-derived tartrate-resistant acid phosphatase (TRAP) and the brain isoenzyme of creatine kinase. Serum
calcium may be low in severe disease, and parathyroid hormone and
1,25-dihydroxyvitamin D levels may be elevated in response to hypocalcemia.
TREATMENT

Osteopetrosis

Allogeneic HLA-identical bone marrow transplantation has been
successful in some children. Following transplantation, the marrow
contains progenitor cells and normally functioning osteoclasts. A
cure is most likely when children are transplanted before age 4.
Marrow transplantation from nonidentical HLA-matched donors
has a much higher failure rate. Limited studies in small numbers
of patients have suggested variable benefits following treatment
with interferon γ-1β, 1,25-dihydroxyvitamin D (which stimulates
osteoclasts directly), methylprednisolone, and a low-calcium/highphosphate diet.
Surgical intervention is indicated to decompress optic or auditory
nerve compression. Orthopedic management is required for the
surgical treatment of fractures and their complications including
malunion and postfracture deformity.
PYKNODYSOSTOSIS
This is an autosomal recessive form of osteosclerosis that is believed
to have affected the French impressionist painter Henri de ToulouseLautrec. The molecular basis involves mutations in the gene that
encodes cathepsin K, a lysosomal metalloproteinase highly expressed
in osteoclasts and important for bone-matrix degradation. Osteoclasts
are present but do not function normally. Pyknodysostosis is a form of
short-limb dwarfism that presents with frequent fractures but usually a
normal life span. Clinical features include short stature; kyphoscoliosis
and deformities of the chest; high arched palate; proptosis; blue sclerae;
dysmorphic features including small face and chin, frontooccipital
prominence, pointed beaked nose, large cranium, and obtuse mandibular angle; and small, square hands with hypoplastic nails. Radiographs
demonstrate a generalized increase in bone density, but in contrast to
osteopetrosis, the long bones are normally shaped. Separated cranial
sutures, including the persistent patency of the anterior fontanel, are
characteristic of the disorder. There may also be hypoplasia of the
sinuses, mandible, distal clavicles, and terminal phalanges. Persistence
of deciduous teeth and sclerosis of the calvarium and base of the skull

