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Abstract. Osteogenesis imperfecta is a systemic heritable disorder of
connective tissue whose cardinal manifestation is bone fragility. In approximately 90% of individuals with osteogenesis imperfecta, mutations in
either of the genes encoding the pro-␣1 or pro-␣2 chains of type I collagen
(COL1A1 or COL1A2) can be identified. Of those without collagen mutations, a number of them will have mutations involving the enzyme complex
responsible for posttranslational hydroxylation of the position 3 proline
residue of COL1A1. Two of the genes encoding proteins involved in that
enzyme complex, LEPRE1 and cartilage-associated protein, when mutated
have been shown to cause autosomal recessive osteogenesis imperfecta,
which has a moderate to severe clinical phenotype, often indistinguishable
from osteogenesis imperfecta types II or III. Mutations in COL1A1 or
COL1A2 which result in an abnormal protein still capable of forming a
triple helix cause a more severe phenotype than mutations that lead to
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decreased collagen production as a result of the dominant negative effect
mediated by continuous protein turnover. The current standard of care
includes a multidisciplinary approach with surgical intervention when
necessary, proactive physiotherapy, and consideration for the use of
bisphosphonates all in attempts to improve quality of life. Genet Med 2009:
11(6):375–385.
Key Words: osteogenesis imperfecta, COL1A1, COL1A2, collagen,
brittle bone disease, bisphosphonates, dentinogenesis, bone fragility,
short stature, prolyl 3 hydroxylation

OVERVIEW
Osteogenesis imperfecta (OI) is a genetic disorder of the
connective tissue matrix caused by abnormal collagen microfibril assembly. Several clinical subtypes of OI have been described based on the clinical, biochemical, and molecular nature
of the disorder (Table 1). New research is emphasizing the
structural interaction within the microfibril and identifying regions within the collagen, which play greater or lesser roles in
the structural properties of the triple helix. In taking this information into account, clinical phenotypes resulting from certain
mutations can be predicted because of this pathogenetic correlation.1 The clinical manifestations vary considerably, ranging
from a severe perinatal lethal form to a mild disorder which
only becomes evident in adulthood, manifesting as premature
osteoporosis. Most commonly, however, OI presents in childhood with multiple fractures and related complications. The
precise incidence of OI is unknown and reports vary from
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Table 1 Clinicopathogenetic classification of osteogenesis imperfecta
Type

Frequencya

Inheritance

Gene

AD

COL1A1 COL1A2

Blue sclerae, normal stature,
fractures, hearing loss, presence
of DI rare

Fractures

II

AD

COL1A1 COL1A2

Perinatal lethal, Blue-Gray sclera, small
for gestational age, respiratory distress,
limb deformities, “frog leg” positioning,
soft calvarium

Multiple fractures “crumpled”
appearance, beaded ribs, short
thoracic cage, osteopenia, long
bone deformities, limited calvarial
mineralization

III

AD

COL1A1 COL1A2

Severe phenotype, short stature, multiple
fractures, progressive deformities, usually
non-ambulatory, may have DI, adolescent
onset hearing loss

Osteopenia, mutliple fractures, long
bone deformity, thin ribs

IV

AD

COL1A1 COL1A2

Milder than OI III, typically ambulatory,
DI is common, adult onset hearing loss,
normal-gray sclerae

Intermediate appearance between
OI II and III

AD

?

Mild to moderate, calcification of the
interosseous membrane, radial head
dislocation, hyperplastic callous
formation

Histology: abnormal lamellation
on polarized light microscopy.

?

?

DI absent, similar to type III

Histology: abnormal bone
mineralization

I

50%

V

5%

Clinical features

Radiographic or histological features

VI

Rare

VII

⬍10% for both
types VII
and VIII

AR

CRTAP

Overlap with types II and III. Milder
forms also documented

“Popcorn” epiphyses often seen in
severe forms

VIII

VII and VIII

AR

LEPRE1

Overlap with types II and III. Milder
forms also documented

“Popcorn” epiphyses often seen in
severe forms

This classification scheme likely to change as additional information is gathered on newly described forms caused by CRTAP and LEPRE mutations.
a
Frequency refers to proportion of OI cases thought to be accounted for by type. DI, Dentinogenesis Impefecta; CRTAP, cartilage-associated protein.

approximately 1/100,000 to 1/25,000 dependant on the criterion
used to define OI.2,3 Severe forms and milder disease occur with
approximately similar incidence. Severe and mild forms share
the cardinal feature of bone fragility, which is characterized by
bone fractures often after little or no trauma. Several findings in
OI are common to other disorders of connective tissues; hypermobile joints and a blue hue to the sclerae are among these
features frequently described. The incorporation of abnormal
type 1 collagen in teeth results in brittle opalescent teeth, the
hallmark of Dentinogenesis Imperfecta (DI), often seen in OI.
Progressive conductive hearing loss in early adulthood is the
result of damage to the ossicles in the middle ear; over time,
hearing loss typically progresses and combined conductive and
sensorineural hearing loss may be seen in adults, similar to that
of otosclerosis. Short stature and bone deformity are common
features of the disorder.
The mainstay of treatment is orthopedic management along
with physiotherapy.4 Bisphosphonates are being evaluated for
efficacy and clinical trials have shown improvement at least in
bone mineral density (BMD). Gene-based therapies are still
actively being pursued.
Clinical manifestations
In 1979, before the molecular understanding of the underlying collagen disorder, Sillence and Rimoin5 formulated a clinical classification, which is still in common use. This classification was largely based on clinical and radiologic subgrouping
and has more recently been updated to reflect current pathogenetic understanding (Table 1).
376

Although this classification into types of OI is helpful in
providing information about prognosis and management, the
features of different types of OI overlap and subclassification is
not necessarily an easy task. It should be noted that the severity
of clinical and radiographic features lies on a continuum and
that the “types” are defined using characteristics that appear to
form clinical “nodes.” Interfamilial variability is apparent
among individuals with the same OI type and intrafamilial
variability is apparent among individuals with the same mutation. It should be noted, however, that there are essentially two
pathogenic molecular mechanisms resulting in OI caused by
collagen mutations. Chain exclusion, in which the mutant chain
is not incorporated into the collagen triple helix results in the
milder OI type I as the abnormal collagen microfibril is unable
to be incorporated into the triple helix and is thus degraded
leaving the remaining allele to produce less structurally intact
collagen triple helix. The second mechanism is via chain nonexclusion in which the abnormal collagen chain results in a
defective helix. The resultant dominant negative effect manifests as more severe OI types II, III, and IV.
Notwithstanding the advances in genetic and biochemical
pathophysiology of OI, there is probably still utility in typing OI
to provide patients and families with information about the
expected clinical course.

OI type I
OI type I is characterized by blue sclerae and normal stature
although affected individuals are often shorter than predicted by
© 2009 Lippincott Williams & Wilkins

Genetics

IN

Medicine • Volume 11, Number 6, June 2009

parental height. A small proportion of infants with OI type I
have femoral bowing at birth. The first fractures may occur at
birth or with diapering. More often, the first fractures occur
when the infant begins to walk and, more importantly, to fall.
Fractures generally occur at a rate of a few to several per year
and then decrease in frequency after puberty. Fracture frequency often increases again in the 5th decade of life and
accounts for more than 25% of lifetime fractures. This is especially noted in postmenopausal women and men beyond the 5th
decade. Affected individuals may have anywhere from a few
fractures to more than 100, but the fractures usually heal normally with no resulting deformity after appropriate orthopedic
management.
Joint hypermobility may be present and may increase the risk
of premature joint degeneration with resultant osteoarthritis and
chronic joint pain. There may also be predisposition to develop
scoliosis and chronic back pain is not uncommon.
DI is rare and distinguishes a subset of type I OI. DI predisposes teeth to premature wearing down, which interferes with
chewing and has cosmetic implications. Dental eruption in OI
type I can sometimes occur early.
Progressive hearing loss occurs in about 50% of adults with
OI type I, beginning as a conductive hearing loss but becoming
a mixed hearing loss in time.

OI type II
This is the perinatal lethal form of OI and although some
fetuses die in utero or are spontaneously aborted, more typically, infants die in the immediate perinatal period. More than
60% of affected infants die on the first day; 80% die within the
first week; survival beyond 1 year is exceedingly rare and
usually involves intensive support such as continuous assisted
ventilation. Death usually results from pulmonary insufficiency
related to the small thorax, rib fractures, or flail chest because of
unstable ribs. Those who survive the first few days of life may
not be able to take in sufficient calories because of respiratory
distress.
Abnormalities characteristic of OI type II are evident on
prenatal ultrasound and at birth. Weight and length are small for
gestational age. The sclerae are typically dark blue and connective tissue is extremely fragile. The skull is large for the body
size and soft to palpation because of poor mineralization, historically referred to as a “ping-pong ball” skull. The anterior
fontanelle is large and usually extends down to the metopic
ridge. Callus formation on the ribs may be palpable. Extremities
are short, bowed, or deformed. Hips are usually flexed and
abducted in a “frog-leg” position. Radiographs show “crumpled” long bones and fractures in various stages of healing.
The inheritance of type II OI is typically autosomal dominant
and thus most affected neonates represent new spontaneous
mutations; however, germ line mosaicism has been described on
several occasions and thus there is a risk of recurrence. Newly
described autosomal recessive forms of OI may show clinical
overlap with OI type II (see later).

OI type III
This is the most severe form of OI, which is compatible with
survival into adulthood. The diagnosis of OI type III is often
apparent at birth. Fractures in the newborn period, simply with
handling of the infant, are common. Rarely, the number and
severity of rib fractures lead to death from pulmonary failure
within the first few weeks or months of life.
This disorder has also been referred to as the Progressive
Deforming type of OI as many affected individuals have as
many as 200 fractures and deformity progresses even in the
Genetics
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absence of fracture. These deformities can reach 70 –90° in long
bones, either from mechanical forces exerted by muscle/tendon
or angulation from prior fractures. Coxa vara, which has an
overall incidence of 10% in OI, has been reported with increased frequency (55%) in type III OI.6 OI type III can be
difficult to manage. The majority of affected individuals do not
walk without assistance and many use a wheelchair because of
severe bone fragility and marked bone deformity. Use of
bisphosphonates may be changing the natural history of OI type
III but this has not yet been well documented.
Growth velocity is slow and adult height is characterized by
marked short stature, with some individuals achieving final
adult height of less than 1 m.
Intellect is normal unless intracerebral hemorrhage has occurred.
Even within OI type III, considerable heterogeneity is observed at the clinical level. The distinction between an individual with mild type III OI and type IV OI is often subtle, and
many clinicians use the ability to ambulate independently to
differentiate the two. The mechanical strength of the bone as
determined by nano indentation is the same in both subtypes
and independent of bone type.7 Some individuals have normalappearing teeth and facial appearance, whereas others have DI
and relative macrocephaly with frontal bossing. Enlarged ventricles reflecting the soft calvarium and a flattened midface are
frequently observed. Barrel chest deformity and kyphoscoliosis
are also common. Scleral hue is variable, often blue or gray, and
sclera can be blue in infancy but lighten with age. Hearing loss
generally begins in the teenage years.
Basilar impression, an abnormality of the craniovertebral
junction caused by descent of the skull on the cervical spine, is
a known complication, the symptomatic form occurring rarely.
Basilar impression is characterized by invagination of the margins of the foramen magnum upward into the skull, resulting in
protrusion of the odontoid process into the foramen magnum.
Basilar impression may progress to brainstem compression,
obstructive hydrocephalus, or syringomyelia because of direct
mechanical blockage of normal CSF flow. Basilar impression
can cause headache with coughing, trigeminal neuralgia, loss of
function of the extremities, or parasthesias. When swimming,
individuals with basilar impression may perceive that water
temperature differs below and above the umbilicus. Lhermitte’s
sign (tingling on neck flexion) can be demonstrated at any stage.
At its most severe levels of involvement, sleep apnea and death
can occur. Symptomatic basilar impression requires corrective
surgery.8

OI type IV
OI type IV is characterized by variability in phenotype,
ranging in severity from moderately severe to so mild that it
may be difficult to make the diagnosis. Hallmarks of OI type IV
are DI, which is common but may be mild; adult-onset hearing
loss, and normal-to-gray sclerae. Stature is variable and may
vary markedly within the family. Basilar impression can occur.
Newly described types of OI
The following subtypes of OI continue on the Sillence numerical classification. They have been subcategorized on the
basis of the bone histology and certain clinical characteristics
which aid differentiation. This classification scheme is likely to
change with additional research on pathophysiology of OI.

OI type V
The distinguishing clinical features of OI type V include the
common occurrence of radial head dislocation/subluxation and
377
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calcification of the interosseous membrane between the radius
and ulna.9,10 These changes are not congenital but develop over
time and they may not be found in all Type V patients. Affected
individuals frequently have hyperplastic callus formation. An
irregular pattern of bone lamellation is noted on polarized light
microscopy. Although molecular pathogenesis has not been
elucidated, it is important to note at this time that collagen
electrophoresis is normal in these individuals which suggests
that an associated protein within the matrix is most likely
affected. OI type V accounts for about 5% of people with OI.

OI type VI
OI type VI has a moderate to severe phenotype associated
with frequent fractures but is clinically indistinguishable from
type IV OI. The hallmark is abnormal bone mineralization on
histological examination.

OI type VII and VIII
These subtypes of OI are distinguished by autosomal recessive inheritance. Dysregulation of posttranslational hydroxylation of the proline residue at position 986 of COL1A1 has been
implicated in the pathogenesis of these types of OI. This alpha
hydroxylation is dependent on three proteins; cartilage-associated protein (CRTAP), prolyl-3-hydroxylase-1 (LEPRE1) and
Cyclophylin B which form an active complex in the endoplasmic recticulum. Mutations in CRTAP have been assigned as
being causative of OI VII, whereas mutations in LEPRE1 which
encodes prolyl-3-hydroxylase-1 have been assigned to OI VIII,
although these assignments seem tentative.11–16 To date, no
pathogenic mutations in Cyclophylin B have been described in
association with OI. The clinical features of these two subtypes
are dependent on the remaining functional proteins and overlap
in clinical severity with OI II and OI III. There are a few clinical
indicators which suggest the diagnosis within the spectrum of
moderately severe OI, and it may thus be difficult to differentiate these subtypes. Infants tend to have congenital fractures
and significant undermineralization of their bones. Abnormal,
“popcorn,” epiphyses have been described and speculated to
result from abnormal hydroxylation of type I collagen in cartilage. This finding is not pathognomonic for these types of OI as
it has been seen in families with apparent OI type III; it may be
that when those individuals with apparent type III OI and
popcorn epiphyses undergo CRTAP or LEPRE1 mutation analysis it will be found that they do not have OI type III. Affected
individuals with recessive OI tend to be of short stature and
rhizomelic with coxa vara and white sclera. The populations
originally identified to harbor mutations in CRTAP or LEPRE1
were the Africans, African-Americans and Irish Traveler populations, but other ethnicities are represented as well. It remains
unclear what percentage of OI is caused by CRTAP or LEPRE1
mutations.
Allellic connective tissue disorders
There have been several patients described with joint hypermobility and skin laxity, a clinical phenotype more in keeping
with Ehlers Danlos Syndrome but who have an increased disposition to fractures. Mutations not involving the glycine residues within the triple helix of COL1 and mutations involving
cysteine residues have been described in a subset of these
patients.17–19 It is also felt that the N-terminal mutations in
COL1 result in abnormal protein folding, which leads to a
milder OI/Ehlers Danlos Syndrome phenotype.20
378
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General clinical considerations
Facial features
Infants and children with OI are often described as having a
triangular-shaped face. The skull is relatively large compared
with body size and frontal bossing is frequently noted. Platybasia is commonly associated with basilar impression, a feature
present in approximately 11% of individuals with types III and
IV OI. Prognathism has also been frequently reported. The hue
of the sclera was emphasized in previous classifications; this
feature is, however, markedly variable and merely an artifact of
collagen defects as a whole. It is believed to result from a
combination of the increased opacity of the scleral tissues which
allow varying degrees of retinal pigmentation to be visualized
and altered light diffraction properties of the abnormal matrix
proteins. Although this feature should alert the diagnostician to
the possibility of an underlying collagen defect, it is not always
useful to differentiate subtypes of OI.
Teeth
DI is characterized by translucent, discolored teeth which are
fragile. They erupt earlier than in normal age matched control
populations. If the deciduous are normal, the permanent teeth will
also be normal, indicating that DI is inherent to the teeth and not a
secondarily acquired anomaly. The abnormal dentin is believed to
result from dysregulation of ADAMTS2 and COL1A1.21
Skin
Easy bruising is a generalized feature of connective tissue
fragility and so can be a feature of OI.
Hearing
Mixed conductive and sensorineural hearing loss afflicts the
majority of adults with OI. Childhood onset hearing loss affects
approximately 7% of affected children between the ages of 5
and 9; progressive postpubertal hearing loss is more typical in
OI. The initial conductive hearing loss results from fractures of
the bones of the middle ear with contracture and scarring of the
incus. With aging, sensorineural hearing loss compounds the
preexisting conductive element. The fixation of the stapes is not
unlike otosclerosis and surgical techniques such as stapedotomy
used to treat otosclerosis have shown similar success in treating
hearing loss in OI.22–24 It is interesting to note that in an animal
model, changes in OI murine otic capsule are similar to those
seen in otosclerosis.25 These changes have been noted along
with concomitant changes in BMP3/NFKB1 gene expression, an
avenue for exploration for future therapies. Some short-term
gains have been described with cochlear implants.26 Biphosphonate therapy has not been shown to influence hearing loss.
Eyes
Visual acuity is usually normal, but there is a predisposition
to both spontaneous and traumatic eye injury. Spontaneous
scleral rupture and uveal prolapse has been documented and an
awareness of the potential to eye injury may be emphasized.27
Scleral hue is often used as a diagnostic indicator for OI. The
variability of this finding is marked and at risk of subjective
assessment. It has been suggested to standardize scleral color
using the Munsell system,28 but the value of this approach
remains undetermined. It is not unusual for unaffected infants to
exhibit blue sclera until approximately 15 months of age.
Gastrointestinal
Although complaints of constipation are common in children
and adults with OI who are mobile in wheelchairs, it is not clear
© 2009 Lippincott Williams & Wilkins
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if this is a complication of OI itself or of the mode of transport.
Bowel obstruction can occur as a result of protrusio acetabuli
but seems to be uncommon.
Cardiopulmonary
Pulmonary insufficiency is the most common cause of demise in type II OI and affects a number of individuals with more
severe type III OI. Both chest wall pathology and severe kyphoscoliosis associated with vertebral compression can contribute to restrictive lung disease. This may progress to pulmonary
hypertension and subsequent cor pulmonale, requiring oxygen
support. Mitral valve prolapse and aortic dilatation with or
without regurgitation have also been reported. A recent report
indicated figures as high as 95% with valvular regurgitation but
this rarely causes serious morbidity unless there are compounding cardiovascular risks. Although both atrial and/or aortic
rupture have been reported in OI; it is unclear whether they
occur more commonly in individuals with OI than in the general
population. A minority of individuals with OI have also been
reported with coronary artery dissection or cerebral aneurysms,
both of which are relatively common within the general population, the association thus remains unclear. Reduced mobility
and wheel chair dependency can predispose to vascular stasis
and an increased risk of pneumonias.
Musculoskeletal
Short stature is a feature of all types of OI, even in its mildest
representation wherein adult height is only marginally reduced
by familial standards. In the more severe presentations, vertical
growth falls off the growth curves by the end of the first year of
life and actual growth velocity is slower than the general population. A rare association with spondylolysthesis secondary to
elongated pedicles has been described in the context of OI.29
Development
Delays in gross motor development are common in association with significant joint hypermobility and deforming types of
OI, but this can improve with age. Development in other areas
is usually normal. The increase in head circumference is most
notable between the ages of 2 and 3. The presence of basilar
invagination (BI) and its neurological sequelae have been described above (see Type III OI section).
Life expectancy
The most severely affected children with type II OI typically do
not survive the neonatal period. Life expectancy for OI I and IV is
normal. In OI III, the mean life expectancy may be shortened
because of severe kyphoscoliosis and abnormal thoracic shape with
attendant restrictive pulmonary disease and cardiac insufficiency.
Pregnancy
Fertility is normal in OI. For most women who have OI,
pregnancy is uncomplicated. The exception is in those women with
OI who are very small and require preterm cesarean section because of respiratory compromise. Infants with OI are more frequently delivered by cesarean section as a result of nonvertex
presentation. No difference in the frequency of complications was
found between vaginal or cesarean delivery.30 Joint laxity may
increase, as it does with unaffected women, and reduce mobility in
small moderately affected women.31,32 Bleeding is probably not
more common than usual and complications of vaginal tearing
during delivery are not common. It is uncertain whether postpartum pelvic relaxation is more common than usual. No adverse
pregnancy outcomes have been recorded to date in woman with OI
using bisphosphonates during pregnancy.33
Genetics
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Serum biochemistry
Serum concentrations of Vitamin D, calcium, phosphorous,
and alkaline phosphatase are typically normal; however, the
latter is often elevated in response to fracture and rarely alkaline
phosphatase levels may be decreased in OI.
Establishing a diagnosis
As with any disorder, a detailed history is a crucial element
of the diagnostic workup. This in combination with a physical
examination focused toward anomalies encountered in connective tissue disorders and a radiologic review of the skeleton aids
in formulating a diagnosis.
The following list of features would be typical in an individual presenting with OI.
●
●

●
●
●
●
●
●
●

●
●

●

●

Family history of OI or recurrent fractures
Fractures with minimal or no trauma in the absence of
other factors, such as inflicted physical abuse or other
known disorders of bone
Short stature or stature shorter than predicted based on stature
of unaffected family members, often with bone deformity
Blue sclerae
DI
Progressive, postpubertal hearing loss
Ligamentous laxity and other signs of connective tissue
abnormality
Family history of OI, usually consistent with autosomal
dominant inheritance
Fractures of varying ages and stages of healing, often of
the long bones but may also involve ribs and skull. The
metaphyseal chip fractures characteristic of child physical
abuse can be seen in a small number of children with OI
“Codfish” vertebrae, which are the consequence of spinal
compression fractures, seen primarily in the adult
Wormian bones, defined as “sutural bones that are 6 mm
by 4 mm (in diameter) or larger, in excess of 10 in number,
with a tendency to arrangement in a mosaic pattern.”
Wormian bones are suggestive of, but not pathognomic,
for OI. They are present in up to 60% of affected children
Protrusio acetabuli, in which the socket of the hip joint is
too deep and the acetabulum bulges into the cavity of the
pelvis causing intrapelvic protrusion of the acetabulum
Low bone density detected by dual energy x-ray absorptiometry (DEXA). There seems to be a correlation between
BMD and fracture risk in OI34,35

Note:
1. Bone density can be normal, especially in OI type I, as
DEXA measures mineral content rather than collagen
properties. DEXA, however, is not a straightforward
quantitative measurement as the DEXA z-score reflects
both the quantity and structural arrangement of the mineral content in the bone matrix which is qualitatively
abnormal in types II, III, and IV OI.
2. A major determinant of bone density may be the affected
individual’s ability to ambulate.
3. Bone density standards for children are not yet available
universally but with increased use of this modality in
children, DEXA is gaining popularity as a useful modality
in diagnosis and monitoring of OI.
A selective skeletal survey should be requested.
1. AP and lateral views of the long bones are examined for
general bone quality, bowing, and healing fractures.
379
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2. AP and lateral views of the spine are examined for kyphoscoliosis and/or vertebral compressions.
3. Two or three views of the skull should also be obtained to
detect wormian bones.
Differential diagnosis
The differential diagnosis of OI is largely determined by the
age of presentation and the clinical severity.
In utero
Prenatal ultrasound examination of severe OI may lead to a
consideration of hypophosphatasia, thanatophoric dysplasia,
campomelic dysplasia, and achondrogenesis as they all present
with relative macrocephaly and rhizomelic shortening of the
limbs. The appearance of the hands tends to be normal in OI.
Experienced sonographers usually have little difficulty in identifying the crumpled long bones and beaded ribs which differentiate OI type II from these other disorders. Ventriculomegaly
is often noted in OI.
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of alkaline phosphatase tend to be normal or raised in OI
because of the increased rate of bone turnover.

Bruck syndrome
Bruck syndrome (OMIM 259450) is an autosomal recessive
condition characterized by bone fragility, congenital joint contractures, clubfeet, normal or blue sclerae, and wormian bones.
It results from defects in the lysyl hydroxylase (PLOD2) that
hydroxylates the amino-terminal lysyl residues involved in
crosslink formation.

Osteoporosis pseudoglioma syndrome
Osteoporosis pseudoglioma syndrome (OMIM 259770) includes bone fragility and fractures, other skeletal deformities,
pseudoglioma with blindness in infancy, and other anomalies. It
is caused by mutations in the gene encoding the lipoprotein
receptor-related protein 5.

Infancy and childhood

Cole-Carpenter syndrome

Nonaccidental trauma (child abuse)

Cole-Carpenter syndrome (OMIM 112240) is characterized by
bone deformities, multiple fractures, ocular proptosis, shallow orbits, orbital craniosynostosis, frontal bossing, and hydrocephalus.

OI needs to be distinguished from child physical abuse/
nonaccidental trauma. The prevalence of physical abuse is much
greater than the prevalence of OI and it has been reported that
only 7% of children with unexplained fractures have an underlying medical condition. On rare occasion, both can occur in the
same child. Patient history, family history, physical examination, radiographic imaging, and the clinical course all contribute
to the distinction of OI from child abuse. The overlap in clinical
features includes multiple or recurrent fractures, fractures that
do not match the history of trauma, and the finding of fractures
of varying ages and at different stages of healing. The continued
occurrence of fractures in a child who has been removed from
a possibly abusive situation lends support to the possibility of
OI. Metaphyseal and rib fractures, thought to be virtually pathognomonic for child abuse, can occur in OI. The presence or
absence of blue sclerae is unreliable in distinguishing OI from
child abuse because blue sclerae are often found in unaffected
normal infants until about 15 months of age; also children with
OI type IV and recessive forms of OI may not have blue sclerae.
Family history is often unrevealing; families suspected of possible child abuse often provide an unverified family history of
frequent fractures; conversely, the family history of individuals
with OI often does not reveal any other affected individuals
because of a de novo mutation in the proband or the presence of
a mild phenotype in relatives. Laboratory testing (protein-based
studies or molecular genetic testing of COL1A1, COL1A2 and
potentially LEPRE and CRTAP) often is not needed, and in
some cases, the time required to perform such testing can delay
proper disposition of child abuse cases.36

Infantile hypophosphatasia
Infantile hypophosphatasia (OMIM 2415000) is an autosomal recessive disorder that presents in infancy with an osteogenic defect characterized by micromelia, bowed limbs, and
severe osteoporosis, including a poorly mineralized cranium.
The sclerae are often blue and fractures are not uncommon. The
distinction from severe OI is facilitated by the observation that
serum biochemistry is abnormal in hypophosphatasia. Infantile
hypophosphatasia is caused by mutations in tissue nonspecific
alkaline phophatase, and thus, levels of the enzyme are low in
association with high-inorganic pyrophosphate, whereas levels
380

Hadju-Cheney syndrome
Hadju-Cheney syndrome (OMIM 102500) is characterized
by short stature, failure to thrive, conductive hearing loss,
dysmorphic features, early tooth loss, genitourinary anomalies,
osteopenia, pathologic fractures, wormian bones, failure of suture ossification, basilar impression, vertebral abnormalities,
kyphoscoliosis, cervical instability, joint laxity, dislocation of
the radial head, long-bowed fibulae, pseudoclubbing, shortdistal digits, acroosteolysis, and hirsutism.

Gerodermia osteodysplastica
Gerodermia osteodysplastica (OMIM 231070) is characterized by dwarfism, lax skin, osteoporosis, wormian bones,
fractures, vertebral compression, wizened facial appearance
because of facial skin laxity.

Idiopathic juvenile osteoporosis
Idiopathic juvenile osteoporosis typically presents in preadolescents with fractures and osteoporosis. The fracture susceptibility and osteoporosis usually resolve spontaneously with
puberty. The etiology of idiopathic juvenile osteoporosis is
unknown.

Dentiogenesis imperfect
DI can occur separately from OI as an isolated familial
condition as a result of mutations in the DSPP gene on chromosome 4.

TESTING
Protein, biochemical testing
Historically, biochemical testing was the first line test for
confirming a clinical diagnosis of OI. The advent of sequencing
© 2009 Lippincott Williams & Wilkins
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Fig. 1. Pathogenic changes resulting in osteogenesis imperfecta can occur at any point of collagen synthesis. Beginning
with transcription, followed by translation and subsequent posttranslational modification and transport. This figure
outlines the basic processes involved in the molecular synthesis of collagen. 1, transcription (most common cause of OI
is DNA mutation); 2, translation; 3, CRTAP-P3H1-CycB (CRTAP and P3H1 have recently been identified as causative
mechanisms in OI. CRTAP, P3H1, and Cyclophylin B form a complex, which is responsible for the 3-OH of specific COL1
residues) other: prolyl-4-OH; 4, gal transferase/glc transferase; 5, assembly of procollagen chains; 6, disulfide bonds at N
terminus; 7, triple helix assembly; 8, protein suicide (after spontaneous triple helix formation, the newly formed microfibril
could undergo protein suicide and result in a milder clinical form of OI or the aberrant protein could be included in
collagen fibril assembly, where the dominant negative effect results in more severe disease phenotype); 9, secretion; 10,
N and C proteinase cleavage of propeptide; 11, collagen fibril assembly.

Fig. 2. Recommended testing algorithm for evaluation of osteogenesis imperfecta.
Genetics

IN

Medicine • Volume 11, Number 6, June 2009

381

Basel and Steiner

technologies has shifted the focus, and it is now possible to
perform collagen and noncollagen gene sequencing as a first
line approach, only investigating the biochemical properties of
the collagens should this testing be negative (Fig. 2). Collagen
biochemical analysis and mutation analysis have similar sensitivity and specificity, although sequencing has the advantage of
being able to confirm defects in all four genes implicated in
causing OI. Collagen analysis may be normal or abnormal in
CRTAP or LEPRE mutation patients. Collagen analysis proceeds as follows: fibroblasts derived from a skin biopsy are
cultured in vitro to provide a source of protein for electrophoretic analysis of type 1 collagen. The collagens are labeled
and assayed on SDS-PAGE to assess their electrophoretic mobility. Abnormal proteins will migrate differently on the gel
when compared with control samples. The sensitivity of biochemical testing is 87% in nonlethal forms of OI and about 98%
in the lethal form. The sensitivity varies with clinical phenotype
and reflects the small effect of some COL1A1 or COL1A2
mutations on type I collagen structure and quantity. A screening
test that may be both specific and sensitive for identifying
nondeforming OI is the ratio of alkaline phosphatase to phospho
inositol phosphate, but this is not in widespread use.42
Gene sequence analysis
Sequence analysis of COL1A1 and COL1A2 cDNA to detect
mutations in the coding sequence and sequence analysis of
COL1A1 and COL1A2 genomic DNA to detect mutations that
alter either sequence or stability of mRNA identify between 80
and 85% of mutations in the type I collagen genes. The mutations in most families are unique; only a few recurrent mutations (mostly CpG dinucleotides) are seen in more than one
family. Mutation detection rate varies by COLA1-related OI
type, a comprehensive database of all 850 known mutations has
been published along with a genotype-phenotype correlation.
For patients in whom no collagen type I mutation is identified, sequencing of CRTAP and LEPRE1 is available commercially and is a reasonable next step in sequential sequencing to
identify a mutation. The importance of identifying these mutations is to establish a genetic risk for future offspring as the
parents of an affected individual would be at a 25% risk of
conceiving another child with the disorder and it would be
imperative for them to be counseled accurately, and adequately,
of antenatal services available to them.
Genomic DNA can be isolated from peripheral leukocytes in
blood or from any other tissue sample from the individual being
tested.
Molecular mechanisms
Genotype-phenotype
Structural studies analyzing the effects of glycine substitutions with bulkier, more hydrophilic amino acid side chains on
collagen triple helix assembly have shown progressive disruption of the triple helix and molecular assembly.38,39 This is in
keeping with predicted theory that the greater the disruption of
the triple helix assembly, the more severe the phenotype. A
recent report highlights that the lethal mutations occur in eight
clusters, which are regularly spaced along two thirds of the
chain.40 The severity of the mutations within these clusters are
independent of the actual amino acid substitution as they result
in exon skipping and thus rely more on the specific position.
The “regional model” of lethal mutations has been proposed to
identify such mutations and theoretical assignment of phenotype is accurate 86% of the time. These domains seem to be
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important sites for interaction between proteoglycans and the
collagen microfibril.
Mutations affecting the disulfide bonds, which affect Cpeptide stability have been shown to result in the milder OI type
IV phenotype. This type of mutation can result in formation of
a COL1A1 homotrimer.41
Management/treatment
The mainstay of OI management is orthopedic surgery when
needed and rehabilitative physiotherapy. The optimal care environment would be a specialized multidisciplinary clinic. Promoting general physical wellbeing is an important aspect of OI
management and must be initiated from a very early age.
General fatigue during daily activities is a common complaint
and because muscle strength and exercise tolerance is reduced
in OI, maintaining physical health is paramount to good general
health. A regular exercise program also encourages bone growth
and improves joint stability.4
Some attention should be focused on the psychosocial aspects of being diagnosed with a chronic disorder, which interferes with daily activities and general acceptance/tolerance by
peers and school authorities.
Bisphosphonate therapy
Bisphosphonates are analogs of pyrophosphate that act by
inactivating osteoclasts thereby inhibiting bone resorption.42
They are widely used in postmenopausal women to treat osteoporosis, where they have been shown to increase bone density,
decrease bone turnover,43 and reduce fractures.44 Although their
method of action does not predict amelioration of collagen
abnormalities found in OI, the use of bisphosphonates has been
extended to people with OI in hopes that increased bone density
may positively impact the clinical course of OI. Bisphosphonates have been and continue to be evaluated in both uncontrolled and controlled trials to assess the extent to which they
can increase bone mass and strength, reduce fractures and bone
deformity, and improve function in children and adults with OI.
Attempts to use bisphosphonates as a treatment for OI were
pioneered by Glorieux et al.45 An open-label trial of cyclical
intravenous Pamidronate (a bisphosphonate) was reported by
Glorieux et al. and the effects of relatively long-term use in
adults by Astrom and Soderhall46 and Zeitlin et al.47 Falk et al.48
replicated the study of Glorieux et al. in children over 22
months of age, but of note did report one child with fracture
nonunion after treatment with Pamidronate. Nonunion is known
to occur in individuals with OI not receiving Pamidronate and
the relevance of this observation is thus not clear. However,
caution is warranted such that it is reasonable to temporarily
discontinue bisphosphonates for several weeks before and after
orthopedic surgery procedures in an effort to reduce the risk of
bone nonunion. Recently, Pamidronate has been offered even to
very young children with OI, but complications including transient asymptomatic hypocalcemia49 and symptomatic hypocalcemia50 have been noted. Pamidronate use is invasive and
inconvenient, typically requiring intravenous infusions every 3
months 4 hours a day for 3 consecutive days and has real and
potential complications. Several other bisphosphonates have
thus been investigated. Oral bisphosphonates have been used in
treatment protocols and a comprehensive analysis of the results
of controlled clinical trials of bisphosphonates in OI is discussed later. Zoledronic acid is a very potent bisphosphonate
that was studied in a clinical trial for OI, but the results of the
trial are not yet available. Zoledronic acid can be given over a
short infusion period once every 6 –12 months. The long-term
consequences of lowering bone turnover in children with OI are
© 2009 Lippincott Williams & Wilkins
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unknown, but a severe complication of bisphosphonates, avascular necrosis of the jaw, although noted in patients who do not
have OI, has not been reported in children or in OI patients, and
its risk seems to be highest in the elderly cancer patient treated
with the most potent bisphosphonates.51
One of the authors of this review, R.D.S with coauthors
recently completed a Cochrane review of bisphosphonate use
for OI.3 The objective was to assess the effectiveness of pharmacologic agents in increasing BMD, reducing fractures, and
improving quality of life as measured by decreased bone pain
and increased function. Cochrane reviews focus on controlled
clinical trials, mainly randomized controlled clinical trials
(RCTs). Fourteen potentially relevant studies were identified;
eight RCTs were qualified for inclusion, six pediatric and two
adult studies.52–59 Bisphosphonates use led to increased BMD in
OI in all studies in the Cochrane review, where BMD was
systematically measured. Effects of bisphosphonates on fracture
incidence were inconsistent between studies. Functional outcome and quality of life were inadequately and inconsistently
assessed. Even though a few studies did attempt to look at the
important parameters, none of the studies were long term. There
was insufficient evidence to compare efficacy of oral versus
intravenous bisphosphonates.
Interestingly, multiple studies reported the largest gains in
BMD in the first year of therapy52–55 and gains in BMD were
independent of administration of therapy in a placebo-controlled crossover trial.58 These data possibly argue for shortcourse bisphosphonate therapy, but further evaluation is certainly indicated.
Bisphosphonate therapy administered for 1–3 years seems to
be safe and generally well tolerated. Adverse effects of bisphosphonates are few and minor in this population (gastrointestinal
complaints, fever, headache, small decreases in lymphocyte
counts).54,59,60 Flu-like symptoms described as “acute phase
reactions” are common with IV administration of bisphosphonates with the first infusion.54,59 The results presented in the
Cochrane review provide evidence, albeit in a relatively small
population, of significant improvement in BMD in individuals
with OI when treated with either oral or IV bisphosphonates.
However, BMD is a surrogate marker, not a clinical outcome
measure. It is still unclear whether this increase in BMD results
in lower fracture rates. There are methodological problems with
estimates of fracture frequency in studies of bisphosphonates
published to date in OI such as inadequate sample size and
different methods of estimating fractures before versus during
bisphosphonate use (i.e., retrospective recall vs. active surveillance). Effects of bisphosphonates on growth, bone deformity,
pain, mobility, and quality of life have not yet been adequately
studied.61– 63 The long-term safety of bisphosphonates in OI,
particularly when used in children, have not been sufficiently
evaluated. There was no clear correlation with poor fracture
healing but some experts recommend that bisphosphonates not
be used within a 6-week period after surgery (same before
surgery if elective) because of potential effects on perioperative
bone healing. The optimal method, dose, initiation, and duration
of use of bisphosphonates in OI remain unclear and require
further investigation.
Another therapeutic modality being investigated is the safety
and efficacy of cyclical parathyroid hormone as an adjunct
treatment for adults with OI. Current medications in this class
are unsafe for use in children.
Future considerations for treatment include the bone morphogenic protein modulators targeting BMP2 and BMP7,
RANKL inhibitors and the development of stem-cell based
therapies.
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Screening
1. Hearing should be tested by formal audiology evaluation
and revisited periodically to assess severity. Stapes surgery has been shown to be of benefit in several series and
cochlear implants have shown promise as outcomes are
similar to results obtained with other causes of SNHL.
2. Imaging for BI: There is a high frequency of BI in patients
with severe OI, which is generally slowly progressive in
childhood. Patients who present early with minor symptoms have good long-term outcomes with ventral decompression surgery. It is recommended that children with
symptoms be referred for neurosurgical evaluation and
CT and MRI imaging. Janus et al.64 reported that periodic
MRI scans did not influence the clinical decision-making
process.
3. Dental: early dental assessment is important and involvement of an orthodontist is essential for the dental health of
individuals presenting with DI. Reconstruction of teeth
with a composite veneer has been shown to improve both
esthetics and function in young adults with DI. Dental
evaluation should always be performed before bisphosphonates are prescribed to children who have dentition.
Summary
Disease characteristics
OI is a disorder of bone mineralization secondary to abnormal COL1A1 or COL1A2 protein microfibril assembly. The
clinical sequelae of this anomaly is brittle bones, which predispose affected individuals to recurrent fractures. The clinical
severity ranges from a severe perinatal lethal form to a mild
adult variant. The clinical severity correlates with the region of
the collagen protein affected and the type of mutation that
occurs at these regional nodes. Recently, mutations in two
additional genes have been shown to cause some cases of OI,
CRTAP, and LEPRE.
Diagnosis/testing
OI is primarily diagnosed on clinical and radiologic findings.
The diagnosis may be confirmed by biochemical and/or molecular genetic testing in some instances.
Management
Orthopedic management is the mainstay of interventional
therapies. Physiotherapy and regular exercise are essential for
proactive health care and general well being. Pharmacotherapy
with bisphosphonates may reduce the overall morbidity associated with this disorder and improve quality of life and function
in affected individuals, but this has not been well documented in
controlled clinical trials.
Counseling
OI is predominantly inherited as an autosomal dominant
disorder. The risk to an affected individual of having children
with the same disorder is thus 50%. Although the majority of
infants with the severe type II OI represent new de novo
mutations, a minority result from germline mozaicism and the
recurrence risk for parents is thus approximately higher than
would otherwise be suspected (approximately 6%). Autosomal
recessive forms of OI have been documented, in association
with mutations in CRTAP and LEPRE1. Parents of affected
children would carry a 25% recurrence risk for future offspring.
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