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Osteogenesis imperfecta (Ol) is characterized by recurring fractures and limb and spine deformities. With the advent of medical

therapeutics and the discovery of causative genes, as well as the introduction of a newly devised intramedullary rod, the general

condition and ambulatory function of patients diagnosed with Ol have been improved over the past decades. This review covers

recent developments in research and management of Ol.
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Osteogenesis imperfecta (OI) is a heterogeneous group of
genetic skeletal disorders characterized by bone fragility
and low bone mass, which manifests as multiple fractures
and deformities of the spine and extremities.

GENETICS

OI is mostly inherited as an autosomal dominant trait;
however, some cases are autosomal recessive. Mutations
in type I collagen genes (COLIAI and COLIA2) were
found to be the most common causes of OI in 70%-80%
of all cases, characterized by an autosomal dominant in-
heritance. Type V is the other autosomal dominant OI
subtype, which is caused by a single recurrent mutation
of IFITM5 (~10%)."” To date, more than 10 OI genes of
autosomal recessive trait have been identified (10%-15%).
The 2019 version of the nosology and classification system
of genetic skeletal disorders listed 17 genes under the name
of OL” Most of them are involved in the biosynthesis of
type I collagen (COLIA1, COLIA2, CRTAPR, LEPRI, PPIB,
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SERPINH]1, FKBPI10, and BMP1I) or differentiation and
function of osteoblasts (SP7, TMEM38B, WNT1, CRE-
B3L1, and SPARC). However, the function of some genes
responsible for the OI phenotype (IFITM5, SERPINFI,
and TENT5A) has yet to be elucidated. Genetic testing is
indicated when a clinical diagnosis is not obvious or when
molecular confirmation is legally required such as differ-
entiation from child abuse, exemption of military service,
and so on. Because those having mutation of WNT1 or
SERPINFI are known to be less responsive to bisphospho-
nate treatment than other subtypes,*” genotyping could be
helpful in determining medical treatment.

Considering numerous causative genes and their
phenotypic similarity, it is more appropriate to test all the
known OI genes simultaneously. Many of the OI genes
such as COLIAI and COL1A2 are huge in size and expen-
sive to analyze via Sanger sequencing. Therefore, exome
sequencing or target sequencing using panels of known
OI genes via next-generation sequencing technology is
the diagnostic test of choice for OI mutations. However,
these methods cannot be used to detect large copy number
variations including intragenic exonal deletions or dupli-
cations, which is an important limitation.

The authors have conducted molecular genetic
analysis using next-generation sequencing and/or Sanger
sequencing in 177 Korean patients with OI and found that
96 patients (54%) carried COLIAI mutations, 39 (22%)
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COLIA2, 10 (6%) IFITMS5, 5 (3%) EKBPI0, 1 BMPI, and
1 WNT1, and no mutation was found in 25 patients (14%)
(unpublished data). Thus, 88% of all confirmed mutations
involve type I collagen genes, compared with 6.6% of IF-
ITMS5 (type V) and 4.6% of autosomal recessive cases in
our cohort.

CLASSIFICATION

Various systems of clinical classification have been pro-
posed for OL In the past, those who sustained fracture(s)
before or at the time of birth were grouped under “OI
congenita,” and the others were included under “OI tarda”
The latter was further classified into “OI tarda gravis”
if the first fracture occurred before 1 year of age, or “OI
tarda levis” if after 1 year of age.” Sillence classification”
was introduced in 1979 and remains as the most widely
used classification. Type I is the mildest form of OI with
distinctly blue sclera, remaining intensely blue throughout
life. Well-managed patients of this type are usually com-
munity ambulators without walking aids and enjoy sports
activity to some extent. The patients’ stature is usually be-
low average compared with peers or genetic target heights
estimated in unaffected parents although still within nor-
mal limits in most cases. Type II patients are the most se-
verely affected, who succumb during the prenatal or peri-
natal period of respiratory distress due to extreme fragility
of the ribs and pulmonary hypoplasia or malformation or
hemorrhage of the central nervous system. Hence, they
do not present to orthopaedic surgeons. Type III patients
are the most severely affected survivors with blue sclera,
who present with numerous, almost uncountable fractures
from birth, frequently leading to severe limb deformity
if not aggressively managed. Severe spinal deformity de-
velops frequently from the second decade. Patients show
profound short stature and are usually wheelchair-bound
in adulthood. Type IV patients are characterized by nor-
mal color of the sclerae and intermediate severity of bone
fragility. They usually remain as community ambulators
in adulthood, but need to use walking aids in most cases.
Presence or absence of dentinogenesis imperfecta is used
to subclassify the groups into A and B. Dental problems
including dentinogenesis imperfecta or prognathism are
common and could be disabling, which require a dental
care by specialists of O

The clinical subtypes are not clearly demarcated,
and patients are at different degrees of the continuous dis-
ease spectrum of OI encompassing types 1 to 4. In the year
2000, a characteristic clinical phenotype of OI, distinct
from types I to IV, was introduced. The patients may have

been classified as type IV because of normal white sclera,
moderate but diverse bone fragility and fractures, and
frequent scoliosis. However, they showed distinct charac-
teristics of ectopic ossification, including ossification of
the forearm interosseous membrane, hyperplastic callus
formation, intermittent painful subperiosteal bone forma-
tion, and heterotopic ossification of the muscles and fas-
ciae, which resulted in bony ankyloses of the joints. This
type was denoted as type V and comprised approximately
10% of OI patients. Radial head dislocation is a common
manifestation in all types of OI, but is almost always pres-
ent in type V.

Identification of multiple causative genes for OI has
led to a genetic classification into specific types.'"” How-
ever, because the difference in clinical phenotypes is not
apparent among patients with different causative genes,
the clinical classification based on the 4 types of Sillence
classification in addition to type V is currently used clini-
cally, and the recent version of the nosology and classifica-
tion system of genetic skeletal disorders is based on this
paradigm.”

MEDICAL TREATMENT

Vitamin D and calcium are vital components of the skel-
eton, and their deficiency can aggravate osteopenia caused
by genetic defects in OL'” Decreased outdoor activity due
to limited mobility makes the OI patients susceptible to
vitamin D deficiency. However, it is important to prevent
their deficiency, without overdosing, which can induce
hypervitaminosis D, hypercalciuria, and subsequent neph-
rocalcinosis.

After the epoch-making report of bisphosphonate
usage in the medical management of OL'"” cyclic adminis-
tration of pamidronate (a second-generation bisphospho-
nate) and subsequent application of other bisphosphonates
have become the gold standard for the treatment of OL'""
Bisphosphonate is incorporated into the newly formed
bone matrix and is released from the bone matrix by os-
teoclastic activity. Subsequently, it suppresses osteoclasts
and prevents bone matrix resorption by osteoclasts. As
most OI patients are in a high bone turnover state, keeping
excessive bone matrix is an advantage, even though it is
still defective. Bisphosphonate therapy was effective for pa-
tients with moderate-to-severe OI during the growth pe-
riod. The more severe the condition and younger the pa-
tients, the more effective was the therapy. Bisphosphonate
administration has been shown to increase bone mineral
density, leaving sclerotic changes on radiographs called
zebra lines (Fig. 1), decreased apprehension and risk of
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recurrent fractures, and improved mobility of the patients.
Several studies reported decreased fracture frequency with
bisphosphonate therapy, but some did not.'” Regardless
of the results of fracture frequency, the therapy must be
considered beneficial if the fracture frequency remains the

Fig. 1. Zebra lines at the metaphyses of long bones are formed by cyclic
administration of pamidronate. Osteosclerotic lines parallel to the
physis represent the primary spongiosa produced during each cycle of
pamidronate infusion.

Ol children

v

same with improved patients’ mobility. However, it does
not seem to prevent the development or progression of
scoliosis."”"”

Many types of bisphosphonates (intravenous: pami-
dronate, zoledronate, and ibandronate; oral: alendronate,
risedronate, and ibandronate) have been used to manage
OL." Immediate side effects of bisphosphonates include
hypocalcemia and flu-like symptoms, which need to be
paid attention to, especially at the first infusion. Prolonged
use or overdose of bisphosphonate interferes with skeletal
remodeling and increases the risk of obliteration of the
marrow cavity, which is not conducive for intramedullary
(IM) rod installation, delays healing of osteotomy sites,”
and predisposes to atypical fractures at the proximal fe-
mur. Moreover, the pharmaceutical effect plateaus 2 to 3
years after initiation. Bisphosphonate therapy can be re-
duced by halving the dosage or doubling the interval and
by monitoring bone density improvement. The authors’
protocol is summarized in Fig. 2.

Other medications are currently under clinical trial.
Denosumab, a RANKL-blocking antibody, is one of the
promising agents under phase 3 clinical trials in adult
patients with OI. It improved bone density and mechani-
cal properties and decreased fracture frequency in an OI
mouse model.”” A clinical trial of OI patients with SER-
PINFI mutations, who do not respond to bisphosphonate
treatment, also showed promising results. Sclerostin-

(1) Spinal compression fracture
(= 2 vertebral segments)
or
(2) = 3 times of long bone fractures
No or

(3) Multiple fractures in Ol infant (< 2 years old)

If therapy
is not initiated

l Yes

| Consider cyclic bisphosphonate therapy*

v

N

Annual assessment of

If skeletal maturity and pubertal development®

Fig. 2. Protocol outlining cyclic bispho-
sphonate therapy for osteogenesis imper-
fecta (Ol) patients. *If cyclic bisphospho-

bone density, ambulatory status, growth,

A

nate therapy is decided, starting with the

is reached — full annual dose is recommended. Pamidro-
If therapy is initiated .

nate: 9 mg/kg/yr, 4-9 divided doses (max

Bone density‘Z-score >0 | | -2.0 < Bone density Z-score < 0 | | Bone density'Z-score <-20 60 mg/dose). Zoledronate: 0.1 ma/kg/yr,

2 divided doses (max 5 mg/yr). 'If bone

Continue with Continue with
1/3-1/4 of the annual dose 1/2 of the annual dose

Conti " density Z-score is > 2.0, running or sprinting
ontinue wi . . .
the full annual dose is possible, normal height of vertebrae

I I
A 4

I is preserved, or 0—2 times of long bone

Stop after reaching
skeletal maturity

fractures occur per year, initiation of cyclic
bisphosphonate therapy can be delayed
with annual monitoring.



420

Cho et al. Osteogenesis Imperfecta

Clinics in Orthopedic Surgery * Vol. 12, No. 4, 2020 * www.ecios.org

blocking antibody targeting WNT/B-catenin signaling
demonstrated anabolic effects in an OI mouse model*”
and is expected to be effective in WNT-related OI in
adults. A parathyroid hormone (PTH) analogue used
for osteoporosis in a limited way may be tried for adult
patients with 0O1.*” However, the PTH analogue is not
approved for treatment of children, due to its risk of os-
teosarcoma identified in animal studies. A phase 1 clinical
trial of anti-transforming growth factor-f antibody for OI
was recently initiated based on results showing inhibition
of osteoclast formation.”” Recombinant human growth
hormone failed to show a pharmacological effect in de-
creasing fracture frequency; however, some researchers
have proposed a combination therapy with bisphospho-
nate to promote height gain in children with OI, although
this has yet to be validated.”” Bone marrow transplanta-
tion designed to introduce healthy bone-forming cells™
does not appear to be satisfactory when weighed against
its risk. Gene targeting or editing approaches may be the
ultimate treatment for this genetic disorder, but there have
been only proof-of-concept studies so far.

PHYSICAL THERAPY AND ORTHOTICS

Physical therapy plays a critical role in the care of patients
with OI to maximize function.”” Inability to accomplish
daily activities without specialized equipment can com-
promise safety. For children with severe OI, parents may
be advised to “protect” their children with OI by carrying
them on pillows and avoiding recreational activities. How-
ever, this well-intentioned approach did not protect chil-
dren from fractures and may have prevented development
and functional independence. Parents should understand
that gaining of bone strength depends on muscle pull” as
well as weight-bearing through standing, walking, and lift-
ing. Therefore, at a minimum, a passive standing program
using frames should be tried. It is important to provide
the appropriate mobility aids such as a posterior walker,
a walker with trunk/pelvis support and canes (axilla/
forearm crutches or tripod/single-point canes) depend-
ing on the severity of the condition. Walkers may contain
seats and/or forearm platforms to disperse upper extrem-
ity weight-bearing.” Braces may be used to protect long
bones, especially the tibia. A patellar tendon-bearing total
contact brace with hinged ankle (Fig. 3) may be useful
during postoperative or post-fracture rehabilitation pe-
riod.

Physiotherapy includes muscle strengthening, aero-
bic exercise, and recreational pursuits. The specific exer-
cise program depends on the person’s age, level of func-

tion, severity of OI, and needs and desires. Having fun and
feeling a sense of accomplishment are additional goals in
any exercise program. Treatment should not be confined
to “therapy hours” only. Very short exercise efforts during
the day, as short as 5 minutes, will often result in improve-
ment more quickly than an hour-long session once or
twice a week.

Children with OI can excel in the water, particularly
if the activity is presented as recreational and independent
exploration. Walking in the water may be possible for
individuals who are unable to walk in the air. Water activi-
ties in childhood can be the foundation for a lifelong, en-
joyable fitness activity.”” Adults with OI can benefit from
water activity as well. It is an excellent form of aerobic
conditioning and may enhance skeletal strength. However,
because water activities alone have little impact on gaining
of bone strength, adults should incorporate other weight-
bearing exercises such as walking.

FRACTURE MANAGEMENT

Frequency and risk of fracture depend upon not only the
severity of bone stock deficiency, but also deformity of the
long bones, age and character of the patient, and family,
as well as community environment. Minor injuries, which
would not break bones in normal subjects, may induce
fractures in OI patients, and in such conditions, the frac-
ture fragments may not displace substantially. In early
childhood, conservative treatment is commonly used.
Increased attention should be paid to preventing angular
or rotational malunion. In neonatal or infantile cases of se-

Fig. 3. Patellar tendon-bearing total contact brace with hinged ankle.
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vere O, fractures of the femur shaft occur frequently, and
Pavlik harness is preferred to the long leg splint to prevent
anterior angulation malunion. Prolonged immobilization
in the cast or splint may cause disuse osteopenia, aggravat-
ing the preexisting osteopenic condition. However, the cal-
lus formed across the fracture site also contains a defective
matrix as in other parts of the bone and is biomechanically
less strong than radiographically estimated. Considering
these 2 contradictory conditions, the conservatively treat-
ed fracture should be mobilized as soon as possible but
protected long term using a functional brace. To protect
a tibial fracture, the authors use a total contact, patellar
tendon-bearing, a short leg brace with hinged ankle (Fig.
3). However, as for the femur, a functional brace is useful
only for the distal femoral lesion and may be detrimental
for the diaphysis or proximal femoral fractures because the
proximal end of the brace may increase the stress on the
lesion.

Surgical fixation for long bone fractures is indicated
at a younger age in OI patients than in normal population,

Fig. 4. (A) A 2.5-year-old girl with type Ill osteogenesis imperfecta sustained
a linear fracture (white arrow) at the anteriorly angulated left tibia. (B)
Additional osteotomy (black arrow) was performed to straighten the tibia,
which was fixed with a non-elongating intramedullary rod because the
tibia was too small to fit a telescopic rod. (C) Two years later, the tibia
outgrew the rod and angulated at its distal tip.

because it facilitates early mobilization and prolonged pro-
tection. The authors do not hesitate to perform surgical
fixation for a femoral or tibial shaft fracture after 3 years
of age. Preexisting angular deformity predisposes a long
bone to recurrent fractures. Hence, if surgical fixation is
attempted, the preexisting deformity should be corrected
simultaneously (Fig. 4A and B).

Femoral neck fractures are uncommon.”” They may
be difficult to detect because the onset may be insidious
in undisplaced or delayed-malunion type fractures, which
may be associated with pain while walking. Although a
preexisting IM rod is a challenge for screw fixation, screw
could be inserted by passing behind or in front of the IM
rod in most cases with special attention to the 3-dimen-
sional perception (Fig. 5).

MANAGEMENT OF LONG BONE DEFORMITY
AND PSEUDARTHROSIS

Moderate-to-severe OI long bones tend to undergo angu-
lar deformation with or without a fracture, even when they
harbor IM rods. The tibia tends to develop anterolateral
bowing, while the femur anterior/varus angulation and/
or retroversion, and the humerus varus angulation and/or
internal rotation deformity. If the long bone deformity is
so severe that it interferes with limb function or adjacent
joint motion, an elective surgery for deformity correction
may be indicated to straighten the long bone.

Femoral retroversion may develop gradually, but
frequently during fracture/osteotomy healing process,
because the IM rod does not provide rotational stability.
Hence, after IM rod fixation for a femoral fracture or os-
teotomy in children, the limb should be immobilized with
the hip in internal rotation position. The authors usually
apply an extended long leg splint on the operated side
and an ordinary long leg splint on the contralateral side
with knees moderately flexed, and both are connected by
a wooden bar to maintain the operated hip in a neutral or
internal rotation position. If only a long leg splint is used
for the operated limb, it tends to fall aside laterally and
keep the hip joint in an external rotation position, caus-

Fig. 5. (A) A 22-year-old woman with type
IV Ol showed delayed malunion of basic-
ervical stress fracture. (B) Threaded screws
were inserted and passed anterior to the
preexisting telescoping rod. (C) Bony union
was confirmed radiographically at the
1-year follow-up.
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ing retroversion malunion. Retroversion deformity of the
femur (Fig. 6) may result in disability due to the marked
out-toeing gait, and inability to sit with legs hanging down
parallel to each other.

Severely affected patients with inadequate manage-
ment of fractures may develop pseudarthrosis of a long
bone, commonly at the distal humerus, and the proximal
or distal femur. It may not be painful but significantly
disabling because it precludes weight-bearing of the lower
extremity and forceful motion of the upper extremity. It
should be managed via rigid fixation and autogenous bone
graft, both of which are not easy to perform in patients
with OI Additional fixation that augments the IM rod and
an allograft sandwich technique may be helpful. Mobility
of the adjacent joint is a prerequisite for osteosynthesis.
Long-term persistence of pseudarthrosis may lead to
stiffening of an adjacent joint (Fig. 7) because all the mo-
tion occurs at the pseudarthrosis site. A stiff adjacent joint
prevents bony union, which even if achieved is disabling
because the only mobile segment in that area is lost.

Generally, fewer fractures are associated with the
upper extremity than the lower extremity but its align-
ment and stabilization are required for daily self-care and
to use walking aids such as crutches or drive a wheelchair.
Significant angular deformity interferes with the adjacent
joint motion. As a result, the 3-dimensional space within
the reach of hand may shrink, causing limitation of daily
living (Fig. 8A). Because of the anatomical configuration
of the humerus, radius, and ulna, it is impossible to in-
stall a telescopic rod anchoring both proximal and distal
epiphyses as in the lower extremity. Hence, the authors
usually use a non-telescopic rod such as Kirschner wire,

Fig. 6. (A) A 19-year-old woman with type IIl Ol manifested approximately
90° retroversion of the femur. The proximal femur appeared to be an
anteroposterior (AP) projection, but the distal femur to be a lateral
projection. (B) After extension and rotational osteotomy, the femur
showed normal configuration on both AP and lateral projections.

Steinmann pin, or flexible IM rod for fixation in the upper
extremity.

FIXATION OPTIONS FOR FRACTURE AND/OR
OSTEOTOMY

Special considerations are needed for the selection of a fix-
ator for fracture or osteotomy in OI patients. A fixator for
OI patients should minimize stress riser effect and last life

Fig. 7. Pseudarthrosis of the distal humerus in a 19-year-old man, who
grew up in an orphanage. The elbow joint was stiff and all the motion
occurred at the pseudarthrosis site, so the lesion was skillfully neglected.

Fig. 8. Proximal humerus varus deformity in a 30-year-old woman
with type Il osteogenesis imperfecta (A) was corrected by closing
wedge osteotomy fixed with tension band wiring (B). Two long flexible
intramedullary rods were used to avoid a stress-riser effect.
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long or possibly until skeletal maturity. A plate and screws,
whether dynamic compression or locking style, may lead
to effective bony union of the fracture or osteotomy site,
but is associated with a high risk of stress concentration
at the tip of plate and subsequent peri-implant fractures
(Fig. 9). Therefore, its use should be limited to conditions
in which other methods cannot be used. Inserting a single
or multiple screws without plate will also elevate the stress
and should be avoided if possible.

Tension-bands are useful for the fixation of a small
fragment at the end of long bones. Fixation of olecranon
fractures or metaphyseal osteotomy (Fig. 8) are good can-
didates for this kind of fixation. In order to avoid a stress
riser effect at the tip of pins, long IM pins covering the
whole length of long bone, is preferred if possible.

The IM rod is the fixation of choice for long bones
in OI patients because it is not complicated with the stress
riser effect and protects the whole length of a long bone.
Moreover, it does not shield the stress from the bone tissue
it protects, preventing osteopenia. However, a flexible IM
rod based on a 3-point fixation principle may be associat-
ed with complications in OI patients. A tip of flexible rod,
placed within the IM cavity, may easily cut out through
the osteopenic cortex, irritate the overlying soft tissue,
and make a weak point (Fig. 10). On the other hand, a tip
placed out of the cortex for later removal may migrate out
to irritate the overlying soft tissue or cut through into the
medullary cavity, making its removal difficult or impos-
sible. Hence, the use of flexible IM rods in OI patients
should be limited only to a long bone with compensatory
thickening of the cortex when the surgeon decides to fix a

Fig. 9. Two cases of peri-implant fractures at the tip of plate screw: a
30-year-old man (A) and a 14-year-old boy (B).

curved long bone without straightening it (Fig. 8B).

A rigid, straight IM rod is the best choice for OI
long bone fixation. The long bone should be straightened
to harbor this kind of device, and it makes the bone me-
chanically sounder. Because the long bones of OI patients
suffering from multiple fractures usually carry diffuse
and/or multifocal angular or torsional deformities, they
can be straightened by multi-level osteotomies. Sofield
procedure of multiple osteotomy and IM rod fixation®" is
the gold standard of treatment for long bone stabilization
in an OI patient. A straightened long bone harboring an
IM rod is mechanically stronger, resistant to fracture, and
more functional for limb motion. The IM rod also pre-
vents significant displacement of fracture fragments, when
a fracture occurs.

In most cases, the IM rod fixation is performed in
the growing age. A simple, non-telescopic IM rod is out-
grown by the growing long bone sooner or later, which
locates the IM rod tip at the metaphysis or diaphysis,
inducing the stress riser effect. In moderate to severe OI
patients, a fracture or gradual angulation easily develops
at that site (Fig. 4C). In order to prevent this complication,
a telescopic rod was devised by Bailey and Dubow back
in 1963.”” It was well-documented that the elongating or
telescopic rod showed significantly better survival than the
non-telescopic rod.”” However, the original Bailey-Dubow
rod encountered various complications either from the
device design or from the abnormal bone tissue. Sheftield
rod, a modification of Bailey-Dubow rod, improved the
outcome by eliminating the device-oriented complica-
tions;”” however, it was still traumatic to install, especially

Fig. 10. (A) A 4-year-old boy was referred after his femoral shaft fracture
was fixed with flexible intramedullary rods. (B) One rod was removed
as it migrated distally. The remaining rod cut through the anterolateral
cortex in both proximal and distal areas. The protruding tip irritated the
overlying muscles, and eventually a fracture occurred at the distal cut-
through point.
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Fig. 11. (A) Implantation of a Sheffield rod into the tibia. The T-piece
of an obturator was introduced into the distal tibial epiphysis via ankle
arthrotomy and through the articular cartilage. (B) Repeat arthrotomy of
the knee joint showed the scar at the distal femoral articular cartilage
following implantation of the obturator of Sheffield rod.

Fig. 12. Schematic drawing of the surgical procedure for insertion of an
interlocking telescopic rod in the tibia. The obturator is inserted within the
sleeve in an antegrade manner and is transfixed at the distal epiphysis.
Adapted from Cho et al.* with permission of Wolters Kluwer Health.

to the distal femur and distal tibia (Fig. 11). Then, the
next-generation telescopic rods that facilitate antegrade
insertion of the obturator without arthrotomy of the distal
joint and without damage to the distal articular cartilage
of the long bone were introduced, including the inter-
locking telescopic rod,”*® Fassier-Duval rod,”” and cork-
screw tipped telescopic rod”™ (Figs. 12 and 13). The basic
design of the telescopic rod is a combination of a hollow
sleeve and its obturator. The proximal end of a sleeve is
anchored at the proximal epiphysis while the distal end of
an obturator at the distal epiphysis. The original anchor-
age mechanism was T-piece in both Bailey-Dubow rod
and Sheftfield rod, which evolved into an interlocking pin,
a threaded end of the rod, or cork-screw end (Fig. 14). If
the rod fails to telescope for any reason, either distal or
proximal anchorage system fails eventually, and the long
bone physis grows over it. Radiographically, the anchor-
age system of the rod is located at the metaphysis. The rod
may appear to have migrated into the medullary space;
however, actually the physis of long bone grew over the
anchorage system (Fig. 15). No matter how perfect a long
bone is straightened and a telescopic rod is placed at its
center, a weak long bone of a severely affected patient may
spontaneously and gradually angulate even with the IM
rod in situ, resulting in the migration of the anchoring sys-
tem and cutting through the cortex.

Generally, an external fixator is not appropriate for
long bone fixation in a patient with OI, because the most
proximal or most distal pin becomes a stress riser, and its
fixing pins tend to lose rapidly in OI patients. The cor-
rection of severe angular deformity of the long bone may
occasionally require gradual correction using an external
fixator to diminish the risk of neurovascular complica-
tion.”” However, the use of the external fixator should be

Fig. 13. (A) A 5-year-old boy with type
IV osteogenesis imperfecta sustained a
tibial shaft fracture and was treated with

open reduction-additional osteotomy-
interlocking telescopic intramedullary rod
fixation. (B) Four years later, the female
rod was replaced with a longer dual
interlocking telescopic rod. (C) Until age
13 years, the rod telescoped successfully
and continued to stabilize the tibia.
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Fig. 14. Telescopic rod designs. (From left) Dual Rush pins; Sheffield rod;
Fassier-Duval rod; and interlocking telescopic rod of the authors’ design.

Fig. 15. (A) A 2-year-old girl with type IV osteogenesis imperfecta
underwent Sofield operation on the right femur, which was fixed with a
Sheffield rod. (B) The rod telescoped successfully for 3 years. (C) At age
7 years, the rod was bent at the proximal femur and failed to telescope.
The T-piece of the obturator was located at the physis. (D) At the age of
8 years, the rod was further bent, and the T-piece of the obturator was
located at the distal metaphysis.

Fig. 16. (A) A 24-year-old woman with type IV osteogenesis imperfecta
was referred due to nonunion of a distraction gap during femoral
lengthening for height. (B) The distal femoral condyle collapsed, resulting
in total stiff knee and severe disability in the patient.

minimized and converted to an IM rod as soon as pos-
sible. Patients with OI are more tolerable to soft-tissue
stretching than normal population, so acute correction
of a large angular deformity and internal fixation using
an IM rod is better tolerated than in normal population.
Another option is to combine shortening of the long bone
with acute correction of large angular deformity. Limb
lengthening using an external fixator was theoretically
possible in patients with type I OI, and a successful result
was reported.”” However, the benefit should be weighed
against the risk of poor regenerate bone formation, devel-
opment of deformity at the regenerated bone after external
fixator removal, and most importantly, adjacent joint dis-
figuration due to increased joint pressure (Fig. 16).

AUGMENTING FIXATION

Generally, OI patients do not manifest poor bone healing
capacity for their age. However, poor bone stock in ado-
lescents or adults with OI interferes with effective fixation
and bone healing mechanism. With age, the diaphysis of
long bone in moderate-to-severe OI patients tends to be
relatively thin for its length or for the body size. Hence,
only the IM rod fitting the thin diaphysis is very thin for
the long bone or the body size, which cannot provide suf-
ficient fixation for fracture/osteotomy healing. Moreover,
continuous administration of bisphosphonate suppresses
bone remodeling, which is a critical final step in bone
healing process. Failure to achieve complete bony union
or development of a cortical crack, which does not heal
completely, is not uncommon in adolescent or adult pa-
tients with OI. Additional fixation to augment IM rodding
may be needed for fracture treatment, osteotomy fixation,
or osteosynthesis of delayed or nonunion of the OI long
bone, especially in adolescents and adults. Although the
IM space is already occupied by an IM rod, a locking plate
and unicortical screw fixation can provide additional fixa-
tion (Fig. 17). This technique was made possible with the
advent of a locking plate design. If the diaphyseal cortex is
too thin, a longer plate should be selected that could pur-
chase the metaphysis on both sides. Because the plate and
screws are also a stress-riser, they should be removed as
soon as union is achieved. Another option to augment fix-
ation of long bone in OI cases with poor bone stock is the
so-called sandwich technique, in which cortical allograft
straps are applied to the circumference of the lesion.*” We
have only early and limited experience of this technique.
Even with the risk of infection and devitalization of the ad-
jacent bone segments, augmentation of bone stock, when
it is desperately needed, is highly beneficial.
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SPINE STABILIZATION

Scoliosis is observed in 39% to 80% of patients with OL
39% in type I, 68% in type III, and 54% in type IV cases.
Lower DEXA Z-score is known to be related to the de-
velopment and progression of scoliosis. Theoretically, the
etiology of scoliosis may involve shape and fragility of ver-
tebral body, ligamentous laxity and muscle weakness, limb
length discrepancy, and pelvic obliquity. The most com-
mon type of curvature is the single thoracic curve, which is
observed in 97% of scoliosis in patients with type I OI and
58% in those with type III OI. Scoliosis in patients with
OI is known to progress even in adulthood: 6° annually in
type III, 4° in type IV, and 1° in type I. In general, bisphos-
phonate treatment for OI patients has proved no beneficial
effect on the development and progression of scoliosis.
However, Anissipour et al.”” reported that bisphosphonate
treatment in type III OI patients before age 6 years can
slow down annual progression of scoliosis down to 2.3°
from 4°. Progression of scoliosis leads to restrictive pulmo-
nary disease, and the predicted vital capacity is reduced to
41% in patients with larger than 60° thoracic scoliosis.
Fragile bone and rigid deformity are challenges for
the treatment of scoliosis in patients with OI. Hard braces
such as a Milwaukee brace aggravates rib deformity and
may induce a fracture. Although a soft brace plays a lim-
ited role in patients adopting a sitting posture, it cannot
prevent progression of deformity. Typically with progres-
sive deformity larger than 35° to 45° and age above 8
years, surgical spine fusion may stop the progression of
deformity. For treatment of patients with earlier progres-
sion of scoliosis, especially before the age of 4 years, the
possible development of thoracic insufficiency syndrome
should be considered. Classically surgical complications
are reported in more than 50%, especially in patients with
intraoperative bleeding and instrumental problems, such

Fig. 17. (A) A 16-year-old boy with type |
osteogenesis imperfecta sustained a sub-
trochanteric femur fracture. (B) Open re-
duction and internal fixation with 2 small
flexible intramedullary (IM) rods and a
locking plate with unicortical screws. (C)
Bony union was achieved in 3 years, and
the plate and screws were removed. (D) The
IM rods were left behind by the age of 21
years.

Fig. 18. (A) A 13-year-old boy with type V osteogenesis imperfecta under-
went posterior spinal fusion with modern pedicle screw-based instrument
for treatment of progressive scoliosis. (B) Five years later, a postoperative
radiograph showed adequate spinal balance without further progression
of deformity.

as loss of fixation. Recent surgical advances with modern
pedicle screw-based instruments are expected to provide
better fixation and correction outcomes with a lower rate
of surgical complications (Fig. 18). All segmental pedi-
cle screw fixation can minimize mechanical stress on each
fixation point during corrective maneuvers and Ponte os-
teotomy or even 3-column osteotomy can be used to help
increase flexibility of the rigid deformity. Some authors
prefer to apply preoperative skeletal traction to achieve
better correction for rigid and advanced deformity,” and
some advocate to use polymethyl methacrylate augmenta-
tion to increase the purchasing power of pedicle screws.*’
With all other techniques, the operator should set a practi-
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cal goal of deformity correction, as an excessive corrective
force on the rigid deformity may lead to loss of fixation.
Other serious spinal problems to which clinicians
should pay attention in OI patients is craniovertebral junc-
tion (CV]) anomaly. Up to 26% to 37% of patients with OI
show CV] anomaly, including basilar invagination, impres-
sion, and platybasia in 4% to 13%, 6% to 25%, and 16%
to 29%, respectively. Basilar invagination is protrusion of
dens into the foramen magnum, and basilar impression is
defined as lowering of the cranial base (occipital condyles
and foramen magnum). Platybasia involves flattening of
the cranial base. All these CV] abnormalities can cause
neurological impairment, and neurological symptoms
have been reported in 8% of all patients with OI. Before
the age of 6 years, patients with OI are recommended to
undergo baseline and serial follow-up lateral skull or cer-
vical spine radiographs as well as whole spine X-rays. A
baseline MRI of CVJ is recommended to facilitate future
clinical decisions in terms of progress of disease. During
the follow-up of OI patients, clinicians should pay atten-
tion to headaches, symptoms related to cranial nerve palsy,
dysphagia, and symptoms and signs of myelopathy, such as
hyperreflexia, quadriparesis, and gait abnormality. Asymp-
tomatic patients can be serially and carefully monitored;
however, some experts advocate prophylactic treatment
even for asymptomatic patients due to the progressive
natural course of basilar invagination leading to advanced
deformity and dangerous neurologic dysfunction. The au-
thors recommend treatment of patients manifesting such
symptoms related to CV] and in case of radiographic pro-
gression of deformity. The treatment goals include reduc-
tion and stabilization of bony structures with and without
decompression of neural tissues. Closed reduction and

stabilization, such as skeletal traction and halo-vest appli-
cation, or surgical reduction/decompression and internal
fixation via posterior or anterior approach can be used for
treatment.*”

CONCLUSION

OI includes a wide spectrum of genetic disorders mani-
festing various severity in bone fragility, as well as spine
and limb deformities. More than 15 causative genes have
been identified, and gene panel testing using next gen-
eration sequencing technology can provide inexpensive
genetic diagnosis of OI. A multidisciplinary approach is
essential for the management of OI including genetic anal-
ysis and counseling, medical treatment, rehabilitation and
orthosis application, and surgical intervention. Telescopic
rodding and bisphosphonate treatment represent critical
breakthroughs in the management of OI patients. Ongoing
studies will open new vista for the management including
medical, rehabilitation, and surgical treatments.
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