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Abstract

Osteogenesis imperfecta (OI) is an inherited skeletal dysplasia characterized by bone fragility and skeletal deformities. 
While the majority of cases are associated with pathogenic variants in COL1A1 and COL1A2, the genes encoding type I 
collagen, up to 25% of cases are associated with other genes that function within the collagen biosynthesis pathway 
or are involved in osteoblast differentiation and bone mineralization. Clinically, OI is heterogeneous in features and 
variable in severity. In addition to the skeletal findings, it can affect multiple systems including dental and craniofacial 
abnormalities, muscle weakness, hearing loss, respiratory and cardiovascular complications. A multi-disciplinary 
approach to care is recommended to address not only the fractures, reduced mobility, growth and bone pain but also 
other extra-skeletal manifestations. While bisphosphonates remain the mainstay of treatment in OI, new strategies 
are being explored, such as sclerostin inhibitory antibodies and TGF beta inhibition, to address not only the low bone 
mineral density but also the inherent bone fragility. Studies in animal models have expanded the understanding of 
pathomechanisms of OI and, along with ongoing clinical trials, will allow to develop better therapeutic approaches for 
these patients.

Introduction

Osteogenesis imperfecta (OI or brittle bone disease) is 
a genetic disease characterized by bone fragility and 
increased risk of fractures. OI is most often caused by 
alterations in type I collagen (1). It is both a genetically 
and clinically heterogeneous disease with an estimated 
incidence of about 1 in 10 000 to 1 in 20 000 (1). Due to 
the systemic nature of the disease, individuals affected 
with OI can develop a number of additional symptoms 

and complications and thus require a multidisciplinary 
team of physicians for their care. In this short review, 
we briefly describe the genetic and clinical features 
of OI and then highlight some new advances in less 
studied aspects of the disease that significantly impact 
quality of life. We conclude with an overview of 
current treatment modalities and an update on ongoing  
clinical trials.
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Inheritance and clinical aspects of OI

Types of OI, modes of inheritance, and effects on 
osteoblast function

Clinical forms of OI

The revised Nosology and Classification of Genetic 
Skeletal Disorders identifies five clinical forms of OI: 
non-deforming with persistently blue sclera (OI type I), 
perinatal lethal (OI type II), progressively deforming (OI 
type III), moderate (OI type IV), and with calcification of 
the interosseous membranes and/or hypertrophic callus 
(OI type V) (2). OI type I has the mildest phenotype, 
whereas individuals with OI type III are most severely 
affected (among patients surviving infancy), with multiple 
fractures, scoliosis, short stature, and restricted mobility.

Modes of inheritance and genetic features

OI can be inherited as a dominant, recessive, or X-linked 
disorder (Table 1) (1, 3). Most often, it is a dominant 
disease caused by pathogenic variants in either COL1A1 
or COL1A2 (encoding components of type I collagen). 
Null alleles (i.e. deletions or splice variants that cause 

a shift in the reading frame, or truncating variants) in 
COL1A1 result in haploinsufficiency that is typically 
associated with mild OI (type I), whereas missense 
(frequently glycine substitutions in a Gly-X-Y repeat) or 
splice mutations (that do not disrupt the reading frame) 
in COL1A1 or COL1A2 tend to give rise to either lethal, 
severe, or moderate OI (types II, III, or IV, respectively). 
A dominant form of the disease, although rarer, is caused 
by a recurrent pathogenic variant in the 5′UTR of IFITM5 
(encoding the interferon-induced transmembrane protein 
5, also known as BRIL) and classified as OI type V (4).

In the last 15 years, pathogenic variants in several 
additional genes have been associated with recessive 
and X-linked forms of the disease (Table 1). Studying 
these genes has produced a wealth of information and 
novel insights into the process of bone formation and 
mineralization. Many of these genes encode proteins that 
play an important role in the folding and intracellular 
or extracellular post-translational modifications of type 
I collagen (e.g. CRTAP, P3H1, PPIB, and BMP1), or its 
intracellular trafficking (e.g. FKBP10 and SERPINH1), as 
well as in the quality control of protein synthesis and the 
endoplasmic reticulum (ER) stress response (e.g. CREB3L1 

Table 1 Current genetic classification of OI according to OMIM (Online Mendelian Inheritance in Man).

OI type Gene chromosomal location OMIM # Inheritance Proposed pathway or mechanism

I COL1A1, COL1A2 17q21.33
7q21.3

166200 AD Reduced amount of type I collagen

II COL1A1, COL1A2 17q21.33
7q21.3

166210 AD Folding, secretion and mineralization of 
type I collagen

III COL1A1, COL1A2 17q21.33
7q21.3

259420 AD Folding, secretion and mineralization of 
type I collagen

IV COL1A1, COL1A2 17q21.33
7q21.3

166220 AD Folding, secretion and mineralization of 
type I collagen

V IFITM5 11p15.5 610967 AD ECM mineralization
VI SERPINF1 17p13.3 613982 AR ECM mineralization
VII CRTAP 3p22.3 610682 AR PTM and folding of fibrillar collagen
VIII P3H1 1p34.2 610915 AR PTM and folding of fibrillar collagen
IX PPIB 15q22.31 259440 AR PTM and folding of fibrillar collagen
X SERPINH1 11q13.5 613848 AR Folding and intracellular trafficking  

of collagen
XI FKBP10 17q21.2 610968 AR Folding and intracellular trafficking  

of collagen
XII SP7 12q13.13 613849 AR Abnormal osteoblast differentiation
XIII BMP1 8p21.3 614856 AR Processing of collagen
XIV TMEM38B 9q31.2 615066 AR Ca2+ homeostasis in the ER
XV WNT1 12q13.12 615220 AR WNT anabolic signaling
XVI CREB3L1 11p11.2 616229 AR Protein quality control and ER stress 

response
XVII SPARC 5q33.1 616507 AR ECM mineralization
XVIII TENT5A 6q14.1 617952 AR Unknown
XIX MBTPS2 Xp22.12 301014 XLR Protein quality control and ER stress 

response
XX MESD 15q25.1 618644 AR WNT anabolic signaling

AD, autosomal dominant; AR, autosomal recessive; ECM, extracellular matrix; PTM, post-translational modification; XLR, X-linked recessive.
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and MBTPS2) (1). Some genes encode proteins that are 
directly secreted by osteoblasts and can bind to collagen 
in the matrix and affect its mineralization during bone 
formation (e.g. SERPINF1 and SPARC) (1). Some play 
an important role in the bone anabolic function of the 
WNT canonical signaling pathway (e.g. LRP5, WNT1, 
and MESD) and, in addition to OI, can be associated with 
generalized osteoporosis (WNT1) or similar conditions 
(LRP5 in osteoporosis pseudoglioma syndrome) (1, 5). 
Other genes instead encode proteins with an intracellular 
or nuclear localization that affect osteoblast function 
in a way that is not yet fully understood (e.g. SP7 and 
TENT5A) (1, 6).

It is estimated that alterations in genes other than 
those encoding type I collagen are responsible for about 
15–25% of OI cases, with pathogenic alleles showing 
different geographic distribution (7, 8). The growing list 
of genes associated with rarer forms of OI gave rise to a 
classification system that determines OI subtypes based 
on the causative gene and it is now up to OI type XX 
(Table 1) according to the Online Mendelian Inheritance 
in Man database (https://www.omim.org/). While such 
a genetic classification could become important, as 
interventions might be effective only in some OI types, 
the phenotypic classification has proven more useful in 
the clinical setting (1, 9).

Effect of OI on osteoblasts

Irrespective of the genetic cause of OI, bone-forming 
osteoblasts appear to be primarily affected. For instance, 
in cases of type I collagen mutations or mutations 
affecting proteins involved in its biosynthetic pathway, 
osteoblasts often show enlarged ER cisternae and ER 
stress, reduced secretion of type I collagen into the matrix, 
increased matrix mineralization, and defective matrix-to-
cell signaling (1). Importantly, the disease in these cases is 
always systemic, because fibroblasts in other organs and 
body systems also synthesize abnormal type I collagen 
(e.g. in the eyes, lungs, and heart valves) (10). Mutations 
affecting genes unrelated to type I collagen synthesis 
appear to have deleterious effects on the differentiation 
and/or function of osteoblasts, which ultimately result in 
significantly decreased bone formation and thus brittle 
bones (1). Based on their typical normal lifecycle, select 
osteoblasts that do not die through apoptosis or do 
not become quiescent bone-lining cells will terminally 
differentiate into long-lived osteocytes and become 
embedded into mineralized bone. In OI, there is a higher 
density of osteocytes (11). While the mechanism of 

increased osteocyte density is not fully understood, it is 
consistent with findings in mouse models of increased 
TGFβ signaling which also exhibit high bone turnover 
and low bone mass (12). Interestingly, in at least two 
mouse models of OI, oim/oim and CrtapKO (Table 2), 
the osteocyte transcriptome is greatly dysregulated, 
including changes in both the WNT and TGFβ signaling 
(13). Studies in mouse models suggest that osteocytes 
play an important role in WNT signaling during bone 
development and that conditional deletion of Wnt1 in 
late osteoblasts/osteocytes in the Dmp1-Cre Wnt1fl/fl mice 
resulted in low bone mass phenotype and spontaneous 
fractures (14). These data suggest that osteocytes may 
contribute to the disease process.

Clinical manifestations of OI

Bone fragility and osteopenia in OI lead to recurrent 
fractures, fractures in atypical locations, and low-trauma 
fractures (including in utero fractures in severe forms of 
OI) (1, 9). At least in the more common and milder type 
of OI type I, fracture incidence is highest in the pediatric 
population and decreases with age (9). Deformities of 
the spine, long bones, and rib cage reduce mobility and 
cause respiratory complications (1, 9). Short stature is a 
common feature, especially in severe forms of OI and to 
a lesser extent in the milder OI type I (9, 15). Anomalies 
of the cranio-cervical junction have been reported in up 
to 37% of patients and can cause serious complications 
(16, 17). As a consequence of the structural and functional 
skeletal abnormalities, bone pain is common. Evidence for 
this chronic pain has also been reported in the Col1a1JRT/+ 
dominant mouse model of moderate OI (Table 2) (18).

OI is a systemic connective tissue disorder, and extra-
skeletal manifestations can occur in tissues that express 
type I collagen or they may develop secondarily to the 
skeletal alterations. These include blue-gray sclera, dental 
abnormalities, joint hypermobility, hearing loss, muscle 
weakness, cardiovascular complications, and pulmonary 
or respiratory problems (1, 9).

Craniofacial and dental issues

The abnormal development of craniofacial structures has 
been documented in all types of OI (17). A recent study 
using 3D imaging via cone beam CT in patients with 
moderate to severe OI revealed hypoplastic lower face with 
maxillary retrusion and mandibular prognathism (17). 
Other findings included deviation of the nasal septum and 
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alteration of the cranial base angle. These features may 
affect the airways, contributing to complications such as 
sleep apnea, and should be considered in the planning 
of orthodontic treatment (17). Dental abnormalities such 
as dentinogenesis imperfecta (brittle or discolored teeth), 
missing teeth, ectopic teeth, and dental malocclusion are 
common in OI and are more prevalent in the severe types 
of OI (19, 20). These abnormalities are associated with 
functional limitations and impact quality of life (20).

Craniofacial and dental defects are also described in 
mouse models of OI. Eimar et al. (21) studied Col1a1Jrt/+ 
mice and showed smaller head, class III malocclusion, 
shorter anterior cranial base with mandibular deviation 
and smaller masticatory region compared to control 
mice. In addition, abnormalities of dentin matrix and 
its mineralization and changes in the periodontal 
compartment were present. A more recent study of 
Crtap knockout (CrtapKO) mice, a model of OI type 
VII, demonstrated a brachycephalic skull shape with 
midface hypoplasia and a class III dental malocclusion. 
Interestingly, an in-depth analysis of their teeth revealed 
changes in dentin volume, changes in cellular and 
acellular cementum, decreased alveolar bone volume and 
mineral density, bone–tooth ankylosis, and increased 
periodontal ligament space with ectopic calcifications 
of the periodontal ligament (22). The findings on 
periodontal tissue add significantly to the classic features 
of dentinogenesis imperfecta. While these craniofacial 
and dental phenotypes will need to be studied in other 
mouse models of OI, they point to the importance of early 
oral health examinations and care for patients with OI.

Hearing loss

Hearing loss is a recognized extra-skeletal manifestation 
of OI, and the mechanism is thought to involve abnormal 
mineralization and otosclerosis-like process in the inner 
ear (23). This has been primarily described in individuals 
with dominant COL1A1/COL1A2-related OI (23) and has 
also been reported in some recessive forms of OI (24, 25) 
and in OI mouse models (26, 27). Hearing loss may be 
conductive, sensorineural, or mixed, as well as unilateral 
or bilateral. Conductive hearing loss is most frequently 
found in the pediatric and adolescent populations, 
while mixed or sensorineural hearing loss are found 
predominantly in adults (23, 24, 28). When present, 
hearing impairment is in the milder range and of adult 
onset in most patients, with no clear relation to OI type 
or severity (23); however, one study identified a higher 
risk of early onset hearing loss in moderate to severe forms 

of OI (24). The reported prevalence varies across studies; 
a recent study with a North American cohort of 312 
individuals reported hearing impairment in 28% of OI 
cases (24). A similar prevalence was reported for a cohort 
in Brazil (28).

Muscle weakness

Muscle weakness, reduced muscle mass, and impaired 
muscle function have been described in mouse models 
of OI and in patients with both dominant and recessive 
forms of OI (29, 30, 31). This is not surprising, as type 
I collagen is a component of the connective tissue 
surrounding muscle fibers, as well as a component of 
tendons and ligaments. Muscle abnormalities may also 
result from the limited mobility of patients (29). Lastly, 
alteration in signal transduction, mechanotransduction, 
and paracrine interactions between the adjacent bone and 
muscle tissues have been proposed to contribute to the 
phenotype (30).

In the Col1a2G610C/+ mouse model of mild to moderate 
OI (Table 2), muscle function and locomotor activity were 
comparable to that of WT littermates (32). In contrast, 
the oim/oim mouse model of more severe OI exhibited 
significantly reduced muscle mass and decreased muscle 
strength (33). This suggests a correlation between disease 
severity and muscle function in OI or perhaps a potential 
effect of α1(I) homotrimers that are produced in oim/oim 
mice on muscle formation and function (29, 30).

The latest study on muscle function in oim/oim mice 
showed mitochondrial dysfunction in the gastrocnemius 
muscle, with decreased mitochondrial citrate synthase 
activity and respiration rates (34). While the connection 
between type I collagen alterations and mitochondrial 
function in muscle is not yet clear, this is an interesting 
and novel observation, and further studies are needed to 
validate this finding. In humans, the muscle phenotype 
has been primarily studied in OI types I and IV, where 
decreased muscle size (OI type I) and deficits in muscle 
force and function (OI types I and IV) were described (29, 
30). Evaluation is technically challenging in patients with 
moderate to severe OI, but the abnormal muscle function 
correlated with the severity of the skeletal phenotype (29).

Pulmonary function

Decreased respiratory function is another extra-skeletal 
manifestation of OI and is a leading cause of mortality, 
although it is poorly understood (35). The long-standing, 
conventional view is that respiratory function is restricted 
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because of skeletal abnormalities that affect the chest wall, 
including rib and vertebral fractures, kyphoscoliosis, and 
short stature causing diaphragm restriction (36). These 
skeletal abnormalities may ultimately reduce alveolar 
ventilation because of lung compression, ineffective 
cough, poor secretion clearance, airway diseases such as 
asthma and sleep apnea, and cause low blood oxygen (36).

However, a small retrospective clinical study of 
individuals with OI (including types I, III, IV, VIII, and IX) 
showed that, while pulmonary comorbidities were present 
in 40% of cases, there was no correlation between elevated 
FEV1/FVC ratio (utilized as a measure of restrictive pulmonary 
dysfunction) and the degree of scoliosis (37). This is further 
supported by the fact that patients with milder forms of 
OI without severe malformations of the chest cavity are 
still at higher risk of death due to respiratory complications 
(35, 38, 39). In multiple mouse models of OI, primary 
pathological changes have been identified in the lungs (40, 
41, 42). For instance, in the Aga2 mouse model of OI (Table 
2), severe cardio-pulmonary complications could lead to 
perinatal lethality and an in vitro analysis showed several 
gene expression changes in both cardiac and pulmonary 
primary fibroblasts (40). In the lung cells, these changes 
were consistent with increased inflammation, hypoxia 
and possibly hypertension (40). Baglole et  al. (41) have 
shown pulmonary airspace enlargement and alterations in 
the diaphragm of Col1a1Jrt/+ mice. Recent work by Dimori 
et  al. (10) in the CrtapKO mouse model of recessive OI 
showed that type I collagen in the lung had similar defects 
as in the bone and skin. Moreover, plethysmography 

and respiratory mechanics measurements in CrtapKO 
mice demonstrated intrinsic changes suggestive of tissue-
level alterations in the resistive and elastic properties 
of the lungs, accompanied by significant alterations in 
pressure–volume (PV) curves. These results suggest altered 
mechanical properties consistent with a less-compliant 
respiratory system, increased dissipative properties, and 
increased tissue elasticity, while the PV data indicate 
altered pressure–volume relationships (10). These data 
support the presence of intrinsic defects in the respiratory 
system of both dominant and recessive mouse models of 
OI and hopefully will ultimately translate into improved 
health care for OI patients.

Short stature

Severe short stature is also a feature of OI and especially 
affects patients with OI type III or IV (15, 43, 44). This 
aspect of the disease is not well-studied, but it negatively 
impacts the quality of life of these patients.

Longitudinal bone growth is mediated by the 
proliferation and differentiation of chondrocytes within 
the epiphyseal growth plates. Because chondrocytes are 
characterized by the expression of fibrillar collagen type 
II and, upon becoming hypertrophic, of collagen type X, 
it is not clear how the alterations in type I collagen that 
cause OI negatively impact the biology and activity of 
these cells. However, Scheiber et al. (45) showed recently 
that murine hypertrophic chondrocytes also express type I 
collagen and that, in the Col1a2G610C/+ mouse model of OI, 

Table 2 OI mouse models discussed in this review with their genetic characteristics and some of the novel findings.

OI mouse model Affected gene Type of mutation
Clinical OI type  
(I–V) modeled Novel findings discussed in this review

CrtapKO Crtap Loss of function –  
recessive

Moderate to  
severe (III/IV)

• Craniofacial and dental abnormalities
• Osteocyte transcriptome alterations
• Alterations in plethysmography and 

respiratory mechanics measurements
Col1a2G610C/+

‘Amish’
Col1a2tm1Mcbr

Col1a2 Glycine substitution –  
dominant

Mild to moderate  
(I/IV)

• Dysfunctional hypertrophic 
chondrocytes contribute to short stature

oim/oim Col1a2 C-propeptide
frameshift mutation –  

semi-dominant*

Severe (III) • Osteocyte transcriptome alterations
• Reduced muscle mass and strength, 

muscle mitochondrial dysfunction
• These mice assemble α1(I) homotrimers

Aga2 Col1a1 C-propeptide frameshift 
mutation – dominant

Severe (II/III) • Cardio-respiratory phenotype which 
could be lethal. Gene expression 
changes in heart and lung primary 
fibroblasts

Col1a1Jrt/+ Col1a1 Splice donor mutation  
causing exon 9 skipping 
– dominant

Severe (III) • Craniofacial and dental abnormalities
• Pulmonary airspace enlargement and 

diaphragm alterations

*oim/+ mice also have low bone mass but their phenotype is mild.
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these cells in addition to osteoblasts had an abnormally 
large ER, which likely caused ER stress and a chondrocyte 
maturation defect. They also observed elongated growth 
plates, which translated into significantly shorter long 
bones (45). Therefore, at least in this mouse model of OI, 
dysfunctional hypertrophic chondrocytes contribute to 
short stature. Further studies are needed to confirm this 
observation in other mouse models of OI and to dissect 
the underlying mechanism(s) (e.g. defects in cartilage 
matrix mineralization, blood vessel invasion, or trans-
differentiation of chondrocytes into osteoblasts).

Growth hormone therapy improved linear growth in 
patients with OI type IV, but did not show similar effect in 
the more severe OI type III (46), and there is not enough 
data to support the benefits of this treatment in OI. In 
children with OI that were given a systemic infusion 
of allogeneic bone marrow-derived mesenchymal cells, 
treatment improved linear growth velocity significantly for 
at least 6 months after infusion (47). Interestingly, miRNA-
containing extracellular vesicles derived from mesenchymal 
stromal cells (MSC) were sufficient to stimulate chondrocyte 
proliferation and bone growth in the Col1a2G610C/+ 
mouse model of OI (48). It will be important to confirm 
the potential therapeutic effects of such MSC-derived 
extracellular vesicles, as this may represent an entirely novel 
approach to treating growth deficiency in OI.

Treatment of OI

The management of OI is primarily supportive and 
symptomatic and is tailored to the patient based on their 
age and OI type and severity. Some individuals with mild 

OI type I may only need to be monitored for complications, 
whereas OI type III/IV patients will typically require 
multidisciplinary management with medications, 
physical therapy, occupational therapy, orthopaedic 
interventions, and follow-up by other subspecialists. 
The treatment goals for OI are to improve bone strength, 
decrease fracture risk, decrease pain, increase mobility 
and functional independence, and prevent long-term 
complications. The management of OI has been reviewed 
extensively elsewhere (9, 49, 50, 51, 52), so this review 
provides a brief update on current treatment modalities, 
ongoing clinical trials, and future therapeutic approaches 
(for a summary, see Table 3).

Therapeutic agents used in OI

Bisphosphonates

Bisphosphonates, which act by inhibiting osteoclast  
activity and bone resorption, are the mainstay of 
pharmacologic treatment in pediatric patients with 
OI. Bisphosphonates have been shown to consistently 
improve bone mineral density in patients with OI (9, 
49, 53) and, to some extent, reduce fracture incidence 
(9, 51). During growth, they have a beneficial effect on 
reshaping vertebrae that have compression fracture 
deformities (9, 54). Other than the improvement in bone 
mass and architecture in growing children, the beneficial 
effects of bisphosphonates have not been conclusive, 
although a recent study indicated a positive effect on 
fracture incidence, scoliosis probability, and mobility in 
preadolescent patients with OI type I (53). Common side 
effects include acute phase infusion reaction (most typically 
during the first infusion) and transient hypocalcemia. 

Table 3 Summary table of current therapeutic approaches for OI.

Therapeutic agent Brand name Mode of administration Suggested mechanism Notes

Bisphosphonates Pamidronate, alendronate, 
risdronate, zoledronic acid

Typically infusion,  
may be administered  
orally

Antiresorptive, inhibition  
of osteoclast activity

Mainstay of 
therapy in OI

Denosumab Prolia (Amgen Inc., Thousand 
Oaks, CA, USA)

s.c. injection Antiresorptive, anti-RANKL  
antibody, inhibition of 
osteoclast activity

In clinical trial

Teriparatide Forteo (Eli Lilly & Co., 
Indianapolis, IN, USA)

s.c. injection Anabolic, recombinant  
human parathyroid 
hormone

Therapy limited 
to 24 months, 
not approved 
in children

Sclerostin antibody Romosozumab (Amgen Inc., 
Thousand Oaks, CA, USA), 
Blosozumab (Eli Lilly & Co., 
Indianapolis, IN, USA), BSP804 
(Novartis, Basel, Switzerland)

s.c. injection or infusion Anabolic, anti-sclerostin  
(an inhibitor of bone 
formation)

In clinical trial

TGFβ inhibitory 
antibody

Fresolimumab (Sanofi Genzyme, 
Cambridge, MA, USA)

Infusion Targets excessive TGFβ 
signaling in bone

In clinical trial
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Importantly, the effect of bisphosphonates has been less 
robust in OI compared to osteoporosis, especially in the 
more severe forms of OI, likely because it does not target 
the inherent defect in bone quality (55). Therefore, other 
treatment options, as discussed subsequently, are being 
explored to address disease complications in pediatric and 
adult patients with moderate to severe types of OI.

Denosumab

Denosumab, an anti-RANKL (receptor activator of nuclear 
factor kappa-B ligand) antibody that inhibits osteoclast 
differentiation and function, is approved for treating 
osteoporosis in adults and is currently being studied for 
OI. Similar to bisphosphonates, it acts on osteoclasts to 
suppress bone resorption. Treatment with Denosumab 
has been shown to improve bone mineral density in 
patients with OI in a few small-scale studies. Specifically, 
it was studied in OI type VI which is a recessive form of 
OI that is poorly responsive to bisphosphonates (56). Its 
use was associated with significant risk of hypercalcemia 
and hypercalciuria (9). A clinical trial is currently ongoing 
to evaluate the safety and efficacy of Denosumab for OI 
(NCT03638128 and NCT02352753).

Teriparatide

Teriparatide, a PTH analog (recombinant human 
parathyroid hormone 1–34) that induces anabolism in 
bone, significantly increased bone mineral density in 
adults with OI type I, but it was not as effective in moderate 
and severe forms of OI (57). Its clinical use is limited to 
adults and is restricted to 24 months duration, because 
of the concern for osteosarcoma (observed in preclinical 
studies in rats) (9, 51, 52). Towards discontinuation of 
treatment, consolidation with an anti-resorptive agent 
should be considered to avoid the risk of accelerated bone 
loss (58).

Sclerostin inhibitory antibody

Sclerostin inhibitory antibody is an anabolic agent 
designed to target sclerostin, an inhibitor of bone 
formation via canonical WNT signaling pathway. 
Preclinical studies in mouse models of OI showed a 
positive effect on bone mass and strength (9, 51, 52). In a 
phase 2 clinical trial, adult OI patients exhibited increased 
bone formation, decreased bone resorption, and increased 
bone mineral density after a short-term dose-escalation 
trial with BPS804 anti-sclerostin antibody (59). The trial 

has been expanded to further assess the efficacy in a 
larger cohort of adult patients with OI types I, III, and IV 
(NCT03118570).

Transforming growth factor beta inhibition

Transforming growth factor beta (TGFβ) inhibition 
targets the excessive activation of TGFβ signaling that is 
implicated in regulating bone mass and fragility in OI 
(9, 49, 51, 52). Preclinical studies showed increased bone 
mass and bone strength in mouse models of OI treated 
with TGFβ inhibitory antibody (11). The safety and 
efficacy of Fresolimumab, a TGFβ inhibitory antibody, 
is currently being investigated in adult OI patients 
(NCT03064074).

Progenitor cell therapy

Progenitor cell therapy via transplantation of healthy 
progenitor stem cells has been proposed to specifically 
address the inherent bone fragility in OI. The rationale is 
that engrafted healthy donor cells will differentiate into 
osteoblasts that produce normal collagen (51). This has 
been tested in preclinical mouse models (60, 61) and in 
pediatric patients with severe OI, both prenatally (in utero) 
and postnatally (62, 63, 64, 65). Different approaches 
taken include transplantation of hematopoietic stem cells, 
ex-vivo expanded mesenchymal stem cells and amniotic 
fluid stem cells. To date, cell therapy is promising but 
remains experimental due to inconsistent results, safety 
concerns, and ethical considerations.

Orthopaedic management of OI

Orthopaedic surgeons are often involved in the 
treatment of individuals with OI, particularly pediatric 
patients. These patients are medically complex and 
require a multidisciplinary team approach to optimize 
their outcomes; clear communication between the 
orthopaedist, endocrinologist, internist, anesthesiologist, 
and physical therapist is vital (66).

Fractures

Fracture care is one of the most common indications 
for orthopaedic consult in patients with OI. While these 
patients are more prone to fracture than the general 
population, fracture healing is also affected by the 
inherent poor bone quality and can be complicated by 
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non-union and refracture (66, 67). Studies in dominant 
and recessive mouse models of OI show delayed fracture 
healing and reduced strength of the healed bone (68, 
69). While fractures, particularly in young children, may 
be treated nonoperatively with immobilization, this 
can result in muscle weakness, joint stiffness and disuse 
osteopenia. With this in mind, the surgeon should strive 
to minimize this time period.

Surgical treatment for fractures is indicated when 
closed reduction (i.e. straightening the bone) might 
not be successful (66). General orthopaedic principles 
include fixation of the entire bone, typically through 
an intramedullary implant (i.e. rigid or flexible nails). 
Stabilization with plates and screws should generally 
be avoided because rigid implants do not stabilize the 
entire length of bone. As a result, patients are prone to 
fracture above or below the implant because of stress riser 
formation (70, 71). When surgery is indicated, potential 
challenges with anesthesia should be considered, 
especially in patients with moderate to severe OI (72).

Static implants were initially used to treat fractures in 
OI. These were metallic rods placed in the intramedullary 
canal to splint the entire bone and allow a fracture or 
osteotomy to heal. However, this was problematic in 
pediatric patients because with growth the bone became 
longer than the implant, resulting in a bony section 
unsupported by the implant that predisposed the patient 
to fracture or deformity. As a result, telescoping implants 
were developed, and the Fassier–Duval (FD) telescoping 
rod is the latest iteration of this concept. Spahn et  al. 
compared the survivorship of FD rods and static implants 
and found that static implants were 13.2 times more 
likely to fail than FD rods; this resulted in a total surgery 
rate that was 7.8 times higher for the static implant group 
than the FD group (71). The FD rod is currently the most 
commonly used telescoping implant in this demographic 
(71, 73) (see Fig. 1).

Skeletal deformities

Skeletal deformities, particularly bowing of the lower 
extremities, may also require a surgical consult. These 
deformities often become severe and predispose the 
patient to fractures; recurrent fractures can then worsen the 
deformity (74). Nonoperative treatment options include 
bracing. If this is not successful, surgery may be indicated. 
The goal of surgery is to restore mechanical alignment, 
decrease fracture incidence, and promote ambulation. 
This is typically accomplished with intramedullary 
implants and multiple osteotomies (70, 71).

Several techniques have been described to minimize the 
risk of bone nonunion (failure to heal) after surgery. These 
include minimizing soft-tissue stripping and avoiding the 
use of power saws to create an osteotomy, as the friction 
and subsequent heat can cause osteonecrosis and increase 
the risk of nonunion. The use of drills and osteotomes is 
preferred. Azzam et al. evaluated the experience of a single 
center using FD rods with osteotomes and a percutaneous 
technique in a cohort of 179 extremities. Good function at 
a 5-year follow up was noted based on two separate mobility 
scores. The authors were also able to address multiple bones 
during a single surgery with a low morbidity and short 
hospitalization (75).

Figure 1
An 8-year-old female with osteogenesis imperfecta had severe 
anterior bowing of the tibia and recurrent fractures (A). This 
case failed nonoperative management with a brace. The 
patient underwent a two-level open tibial osteotomy with 
placement of a Fassier–Duval telescoping rod (B). The patient 
is now over 1 year out from surgery. Note the increased 
growth and telescoping of the rod (C – red arrow). The 
osteotomies have healed well, and the patient is currently 
asymptomatic.
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Spinal abnormalities

Spinal abnormalities are common in OI and include 
scoliosis, craniocervical junction abnormalities (such 
as basilar invagination and platybasia), spondylolysis (a 
defect or fracture in the segment of bone that joins the facet 
joints in the back of the vertebrae) and spondylolisthesis 
(a spine defect causing vertebral forward translation) at 
the lumbosacral junction. The first step in treatment is 
identification. As such, these patients merit regular spinal 
and neurological exams. When concerns arise, X-ray is 
indicated. While many patients may experience symptoms, 
some may not; certain craniocervical abnormalities may 
be asymptomatic. Therefore, some clinicians recommend 
a screening radiograph of the cervical spine by age 6 (76).

The boney abnormalities typical of OI pose unique 
challenges to the spine surgeon. Decreased bone mineral 
density can jeopardize implant grip, so bisphosphonates 
are often used preoperatively to improve bone quality for 
more robust implant attachment. Spine surgeons might 
also use preoperative or intraoperative traction to gradually 
straighten the spine with minimal force. Other tools 
include the maximization of fixation points in the spine 
to better distribute corrective forces and the use of cement 
to augment pedicle screw fixation. Bone fusion is typically 
the goal of spine surgeries, and there is a theoretical risk of 
impaired bone fusion due to bisphosphonate treatment. 
There is no consensus on the use of bisphosphonates 
perioperatively, but some clinicians discontinue use for 4 
months after surgery (76, 77).

Use of bisphosphonates

Bisphosphonates improve bone mineral density by 
inhibiting osteoclasts and decreasing bone turnover 
(70). As osteoclast function plays an important role in 
bone healing, the surgeon and treatment team must be 
mindful of the effects of these medications. Although 
concerns have been raised regarding delayed bone healing 
in patients treated with these medications, two separate 
studies showed that bisphosphonates did not adversely 
affect the healing of fractures (67, 78).

The effect of bisphosphonates on bone healing after 
osteotomy appears to be more controversial. Munns et al. 
found pamidronate therapy to be associated with delayed 
healing in patients with OI (78). The authors then adjusted 
their protocol by adding a 4-month bisphosphonate-free 
period after osteotomy and used an osteotome instead 
of a power saw for osteotomy to minimize heat necrosis. 
These changes decreased the delayed bone union rate (i.e. 

persistence of at least part of osteotomy line at 1 year) from 
72% to 42% (79). As the operative technique changed in 
addition to a bisphosphate holiday, it is unclear if one 
or both of these factors led to a decrease in their delayed 
union rate. Azzam et al. noted a nonunion rate of 14.5% for 
osteotomy using a percutaneous technique and osteotomes. 
These patients were on cyclic bisphosphonate therapy and 
infusions were not postponed after surgical procedures 
(75). In this cohort, bisphosphonate infusions were on 
a schedule and were given irrespective of orthopaedic 
surgery. The authors did not track the time period between 
bisphosphate infusion and surgery. Clearly, the use of 
bisphosphonates in the setting of elective osteotomies is a 
gray area and further research is needed.

Conclusions

Great progress has been made in defining the molecular 
genetics underlying OI, and this has led to the 
identification of new therapeutic targets and clinical trials. 
Although a cure for OI is still to come, the health care of 
individuals with OI has improved. While the focus remains 
on the skeleton, as OI patients are living longer, there is 
a need to focus on other aspects of the disease that can 
be associated with significant morbidity and negatively 
affect quality of life. These include hearing loss, reduced 
muscle function, and decreased respiratory fitness. It is 
expected that studying these comorbidities will lead to a 
better understanding of the role of type I collagen in both 
the development and homeostasis of these organ systems. 
Ultimately, this will allow a more complete appreciation of 
OI pathogenic processes and will enable the development 
of much needed targeted therapies for OI.
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